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STUDIES OF RESPIRATORY PHYSIOLOGY IN THE NEWBORN 


INFANT. 


I. OBSERVATIONS ON NORMAL PREMATURE 


AND FULL-TERM INFANTS? 


By CHARLES D. COOK, RUTH B. CHERRY, DONOUGH O’BRIEN,? PETTER 
KARLBERG,’ anp CLEMENT A. SMITH 


(From the Boston Lying-in Hospital and the Department of Pediatrics, Harvard Medical School, 
Boston, Mass.) 


(Submitted for publication January 3, 1955; accepted February 2, 1955) 


This report describes an investigation of the 
respiratory physiology of normal premature and 


full-term newborn infants. As in previous stud- 
ies on normals (1-3), minute volumes, rates and 
tidal volumes have been measured. Additional 
measurements of CO, production, plasma CO, 
partial pressure, and intraesophageal pressure dif- 
ferences have allowed calculations of effective 
alveolar ventilation, functional dead space and es- 
timates of the work of respiration. Since certain 
adaptations were necessary for the study of this 
age group, the techniques are reported in detail. 
The data from normal infants are the subject of 
this report; comparable data for newborns with 
respiratory distress are reported in a_ second 
paper (4). 
MATERIAL 


The 63 infants studied by one or more techniques were 
delivered at the Boston Lying-in Hospital and were con- 
sidered normal in all respects except that 17 were prema- 
ture by weight. They ranged from 36 to 42 weeks gesta- 
tional age and from 1.82 to 4.25 Kg. birth weight. De- 
livery was spontaneous vertex or low forceps except in 
five infants delivered by Caesarian section (three be- 
cause of previous section, one for marginal placental 
separation, and one for postmaturity), and four by breech 
extraction. Their ages at the time of observation ranged 
from three hours to seven days (Tables I-III). Most 
of those under two days had not been fed prior to the 
studies. 

METHODS 


The minute volume (V),* rate (f), and tidal volume 
(Vr), were measured in 35 infants by means of a 65-liter 


1QOne of a series of studies supported by a research 
grant from the Association for the Aid of Crippled 
Children, New York City. 

2 Work done under Grocers’ Company Research Schol- 
arship, and Research Fellowship from the Lederle Com- 
pany; Present Address: Department of Child Health, 
Guy’s Hospital, London. 

3 Work done under Rockefeller Fellowship; Present 
Address: Karolinska Sjukhuset, Stockholm. 

* Throughout this paper the symbols employed to de- 
note respiratory variables are those suggested for pur- 


body plethysmograph in which the infant lay on its back, 
with the face emerging through a pneumatic ring (Fig- 
ure 1). The apparatus, which was similar to that de- 
scribed by Cross (2), was largely assembled by Dr. 
Frank Hytten. Most of these infants, none of whom 
were sedated, were sufficiently comfortable to sleep 
throughout the observations. Only data on infants who 
were considered to be resting and basal are included in 
this report. An average of seven minutes of quiet breath- 
ing was used in calculating the results. 

The body plethysmograph was connected to a Krogh 
spirometer, and the entire system was checked for leaks 
with a 6 gm. weight placed on the spirometer float; 
maintenance of air in the spirometer for more than 
twenty seconds indicated an error of less than 2 per cent 
in minute volume recording and was considered satis- 
factory. Kymograph tracings of respiratory pattern were 
obtained from a writing pen attached to the spirometer 
float, and minute volume from an automatic integrator 
as designed by Roberts and Widdas (6). This recorder 
utilized a photoelectric cell and integrator to count 
flickers of light produced by the spirometer moving one 
of a pair of transilluminated grids. The entire plethys- 
mograph-spirometer-integrator system was calibrated at 
least once with each study with a syringe and pump which 
produced rhythmical volume changes of a known amount. 
The calibration per ml. was constant with pump rates 
varying between 30 and 60 per minute. With higher 
rates, however, there was a progressive systematic over- 
swing of the spirometer so that integrator counts in- 
creased per ml. When studying infants with elevated 
respiratory rates (only those with respiratory difficulty) a 
factor was applied to correct for this systematic error. 
At rates of 80 the correction amounted to 6 per cent and 
at 100 to 15 per cent. 

The CO, production (Vco.) and O, consumption ( Vo.) 
of 16 infants were determined by using a plastic face mask 
with a volume of approximately 60 ml. sealed to the 
pneumatic ring (Figure 1) with an aquaresin-glycerine 
mixture.5 Compressed air or other oxygen-nitrogen 
mixtures were drawn by a pump across the infant’s face 


poses of standardization by a group of clinical and re- 
search respiratory physiologists headed by J. R. Pappen- 
heimer (5). 

5 Aquaresin, obtained from the Glyco Products Co., 
Brooklyn, N. Y., was mixed with equal parts glycerine. 
This provided an effective seal without injuring the rubber 
cuff. 
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TABLE I 


Minute volume, respiratory rate and tidal voiume of 35 normal infants * 


(All volumes a 
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V—minute volume. 
f{—respiratory rate per minute. 
Vr—tidal volume. 


* BTPS—Body temperature, pressure, saturated with water vapor. 
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t Seven infants studied during the first 24 hours after birth were not weighed at time of study; their birth weights 


are used in Figure 2. 

¢ R.A. = room air. 

C.A. = compressed air. 

§ Number of resting minutes averaged. 
at the rate of 5 to 6 liters per minute and delivered, to- 
gether with the expired air, into plastic collecting bags. 
At this rate, analyses of mask air never showed more than 
0.3 volumes per cent CO, A small series of studies 
on the same infants breathing room air and then com- 
pressed air, and a comparison of the group of infants 
studied in room air with the group studied in compressed 
air showed no statistically significant difference in min- 
ute volume (P=0.95). Thus it seems probable that 
respiration was not appreciably influenced by the use of 
the mask. Gas collection periods used for calculations 
averaged 3.5 minutes; the volume collected was measured 
with a dry gas meter which had an error of 1.5 per cent 
or less. 


Analyses for CO, and O, in the inspired gas and in 
that from the collecting bags were performed in the 
Scholander 0.5 ml. gas analyzer (7). Analyses of CO, 
were made at least in duplicate in every case, with a 
standard deviation from the averages of these dupli- 
cate determinations of + 0.007 volumes per cent for the 
inspired air, and +0.013 volumes per cent for the di- 
luted expired air. This degree of reproducibility amounted 
to a variation of approximately +5 per cent of the total 
CO, production per minute. Oxygen analyses, also per- 
formed at least in duplicate, showed a standard deviation 
from the averages of + 0.012 volumes per cent for both 
inspired and expired air. The Scholander analyzer was 
checked against a Haldane apparatus with resultant 
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TABLE II 


Additional physiologic observations in 18 normal infants * 
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™ Veo» -CO: production per minute. Caco;,—CO: concentration in plasma. 
Vo: —O, consumption per minute. Paco;—COy pressure in plasma. 
R—respiratory exchange ratio. Va—alveolar ventilation per minute. 
Vp—functional dead space. 


All infants were breathing compressed air; the V, f, and Vr values differ from those given in Table I for the same 


infants, as they were obtained during observation periods necessarily shortened for measurement of CO: production and 


O,. consumption. 


agreement within 3 per cent of the Vco. measured and 
6 per cent of the Vo». 

“Arterialized” capillary blood for pH and CO, analyses 
was obtained by heating the foot for ten minutes in 45 
to 47°C. water, puncturing the heel, and drawing the 
freely flowing blood into a funnel-syringe combination 
with heparin ® and mineral oil filling the dead space and 
mercury present for mixing (8). The effect of this 
brief air exposure upon blood pH and CO, was repeat- 
edly demonstrated to be less than the small error of the 
analysis. Moreover, the pH and CO, values obtained were 
similar to those reported by Graham and his co-workers 
for temporal artery blood of normal infants (9). The 
blood samples were taken immediately after the period of 
gas collection and without changing the inspired gas mix- 
ture. Although the infants often cried briefly when the 
heel was punctured, a comparison between analyses on the 
first few drops of blood and later drops showed no sig- 
nificant change. In several infants, repeated blood sam- 
ples obtained two to three times during periods up to 
two hours showed no significant change in pH and CO, 
concentration (Caco,); therefore the post-observation 
blood value was assumed to be representative of the en- 
tire collection period. 

Plasma pH, as determined in duplicate or triplicate 
with a Beckman glass micro-electrode adapted to a Cam- 
bridge pH meter (10) and reproducible within + 0.01 


cent or less. 


pH units, was corrected for temperature as suggested by 
Rosenthal (11). Plasma CO, content was directly deter- 
mined in duplicate by the micro-Scholander syringe tech- 
nique (12) with a standard deviation of +0.9 volumes 
per cent. 

Intraesophageal pressure changes, which have been 
shown to be an index of intrapleural pressure differences 
(13), were measured as described by McIlroy, Marshall, 
and Christie (14) and Mead, Mcllroy, Selverstone, and 
Kriete (15) during the quiet respiration of 28 infants. 
A 1 mm. internal diameter polyethylene catheter with 
multiple openings near the distal end was filled with wa- 
ter, attached to an electric manometer-amplifier-record- 
ing 7 system, and passed approximately 10 cm. through 
the nose or mouth. The system was calibrated with a 
water manometer after each study. The differences be- 
tween maximal and minimal pressures occurring with 
each respiratory cycle during periods of quiet breathing 
were averaged for at least 15 individual breaths. 


CALCULATIONS 


The Henderson-Hasselbalch equation (16) was used for 
calculation of arterial Peo, (Paco,) from plasma pH and 
CO, concentration. The relative constancy of Paco, in 


blood drawn several times during a period of one to two 


7 The electric manometer, amplifier and recorder were 
made by the Sanborn Company, Cambridge, Massachu- 
setts. 
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TABLE III 


Intraesophageal pressure differences in 25 normal 
newborn infants 








Birth 
weight 
Kg. 


2.36 
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hours from five infants supported the assumption that 
measurements made immediately after a gas collection 
were apparently applicable to the collection period itself. 
Alveolar Peo, (PAco,) was considered to be in equilibrium 
with the “arterialized” capillary Pco,. CO production 
(Vco,) and O2 consumption (Vo,) were calculated from the 
gas analyses and collection volumes using the standard 
respiratory equations (5). Alveolar ventilation (V4) and 
functional dead space (Vp) were secondarily derived from 
the following equations: 

° y PAcos 

Va = Veo. + — 

" = Pz — 47 
where Paco, is assumed to be equal to Paco.; 
V=Va 
f 

The equation for Vp is merely an adaptation of the Bohr 
equation for dead space. 


Vb _ 


Paco, = partial pressure of CO: in alveolar gas in mm. 
Hg 
Paco, = partial pressure of CO, in arterial blood in mm. 
Hg 
Ps = atmospheric pressure in mm. Hg 
47 = partial pressure of water vapor in alveolar gas 
in mm. Hg 
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Since alveolar ventilation is related to the rate of excre- 
tion of CO, by the lungs, it has a physiologic connotation. 
Consequently functional dead space, derived by subtract- 
ing tidal alveolar ventilation from tidal volume, is also a 
In adults the space thus calculated 
“anatomic’’ dead space 


physiologic concept. 
corresponds quite closely to the 
(17). 

The work of respiration was estimated from a simplified 
formula proposed by Mcllroy: 


Work = 0.6 PV, in Gm. cm. 


where P = the difference in cm. of H,O between maximal 
and minimal pressures occurring during respiration. 

This formula is based on the fact that the work of a 
purely elastic system would be represented by the equation 
0.5 PV (the area of a triangle) and the work of a purely 
viscous system, by the equation 0.79 P V (the area of one 
half an ellipse). In normal adults (14) and infants (18) 
between 60 and 70 per cent of the work of respiration is 
expended against elastic resistance. Thus the constant 
0.6 appears to be a reasonable figure and actually provides 
a good approximation of the work of normal respiration in 
infants when compared to more detailed methods for cal- 
culation of work (18). 


RESULTS 


The results of the studies are presented in 
Tables I, II, and III, and Figures 2 and 3. The 
minute volumes,* rates and tidal volumes listed 


PUMP GAS 4 
‘i COLLECTING BAG 








DIAGRAM OF APPARATUS USED FOR RESPIRATORY 
STUDIES 

a, pneumatic cuff; b, plastic face mask sealed to cuff; 
c, syringe and pump used for calibration of volume re- 
corder; d, plastic bag for collecting gas containing ex- 
pired air; e, Krogh spirometer with writing pen; f, 
kymograph; g, electric timer; h and i, photoelectric vol- 
ume recorder. 


Fic. 1. 


8It is of interest that when a body weight of 70 Kg. 
is substituted in the regression equations for minute vol- 
ume and alveolar ventilation calculated from the infant 
data (Figures 2 and 3), the resulting volumes approxi- 
mate the actual adult values (Table IV). 





RESPIRATION OF 


NORMAL PREMATURE AND FULL-TERM INFANTS 


VENTILATION IN NEWBORN INFANTS 


© BOUTOURLINE-YOUNG AND SMITH 
# CROSS AND OPPE 


@ PRESENT DATA 


RATE/MINUTE (f) 


MINUTE VOLUME (V) 
(BTPS) 








TIDAL VOLUME (Vr) 
(BTPS) 








2 3 
BODY WEIGHT {KG.) 


MINUTE VoLUME, RATE AND TIDAL VOLUME oF 107 Norma INFANTS 


Fic. 2. 


lL 
4 


The regression lines are plotted for the weight range of 2.00 to 4.00 Kg. from the equations: V, in ml. = 251+ 
99-body wt. in Kg.; f = 33.6 —0.11-body wt. in Kg.; Vz, in ml. — 6.79 + 3.39-body wt. in Kg. 


in Table I are compared on a weight basis in Fig- 


ure 2 with those obtained for infants in the same 
age group (under seven days) by Cross and 
Oppe (2, 3) who used a similar technique, and 
with those reported by Boutourline-Young and 
Smith (1) who used a plethysmograph and a neck 
seal. The minute volumes from all three series ap- 
pear comparable but the rates from Boutourline- 
Young and Smith’s report are slightly higher and 
tidal volumes slightly lower, discrepancies which 
may be related to the different methods used. In 
any case a significant direct relationship between 
both minute volume and tidal volume on the one 
hand and body weight on the other is obvious. In 
the weight range studied there is no correlation 
between rate and body weight. 

In the 16 infants in whom additional measure- 
ments allowed calculation of alveolar ventilation ° 
and functional dead space (Table II and Figure 
3), a direct relationship between these derived 
The 
ratio of dead space to tidal volume ranged from 
0.13 to 0.55 (average, 0.32), without relationship 


values and body weight is also suggested. 


to weight or age. Oxygen consumption values for 
these 16 infants are also included in Table II. 
Average intraesophageal pressure changes 
(AIEP) found during 32 studies of 28 normal in- 
fants (mean for group, 5 cm. water) show no ap- 
parent relationship to weight or age over a range 
of 1.86 to 4.25 Kg. birth weight (Table III) and 


ALVEOLAR VENTILATION (V,) FUNCTIONAL DEAD SPACE (V,) 
(BTPS) (8TPS) 


ML/MIN, 
800 
700 
600) 


500 














5G 


BIRTH WEIGHT 


ALVEOLAR VENTILATION AND FUNCTIONAL DEAD 
SPACE OF 16 NorMAL INFANTS 


Fic. 3. 


The regression lines are plotted from the equations: 
Va, in ml. = 208 + 59-body wt. in Kg.; Vo, in ml. = 2.84 
+ 0.88-body wt. in Kg. 
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are in fact, with one exception, in the range of 
3 to 8 cm. water found in adults (19). 


DISCUSSION 


The present study confirms earlier measure- 
ments of minute volume, rate and tidal volume in 
the newborn infant. By providing further in- 
formation previously unavailable on related as- 
pects of respiration, it extends the categories in 
which comparisons may be made with normal 
adult physiological data. 

The following comparisons have been calculated 
on the basis of basal metabolism (BMR)’* be- 
cause of uncertainties involved in the estimation 
of surface area, particularly in infants. Values for 
the 70 Kg. adult (BMR = 1610 Cal. per 24 hrs.) 
are shown in Column A of Table IV (19-22). 
For predicting the volume event values for a 2.5 
Kg. infant in Column B an average heat produc- 
tion of 115 Cal. per 24 hrs. has been chosen on 
the basis of previous reports (23, 24) and the 
Vco. and Vo, determinations of this study. Where 
respiratory rate is involved in the calculations, 
Column B is divided into two sets of predicted 
values, one employing the adult rate of 12, and 
the other the infant rate of 34. Column C shows 
the average values for a 2.5 Kg. infant based on 
actual results of the present investigation. 

Comparison of Columns B and C shows that 
the predicted and actual values for minute vol- 
ume are quite similar. The predicted alveolar 
ventilation is slightly lower than the determined 
value, a fact presumably related to the lower Poo, 
in infants compared to adults. The Vy and Vp 
predicted for the hypothetical infant breathing 12 
times a minute are, as might be expected, much 
larger than those found. However, when the 
actual rate of 34 is applied to the predicted minute 
volume and alveolar ventilation, the resultant Vy 
and Vp are close to those found in this investiga- 
tion. As can be seen from the Vp/V7 ratios in 
Columns A and C the rapid respiration of the in- 
fant is actually accomplished with ventilatory ef- 
ficiency approximately equal to that of the adult. 
This small functional dead space in the infant may 


® Actually, if the 2.5 Kg. infant is assumed to have a 
surface area of 0.17 M®*., adult and infant data may be 
compared on the basis of surface area with results simi- 
lar to those in Table IV. 
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be secondary to (a) functioning respiratory epi- 
thelium in bronchi or bronchioles, (b) increased 
gas diffusion between alveoli and alveolar ducts 
or (c) relative reduction in the actual anatomic 
dead space. Concerning the first two possibilities, 
no information is available. In connection with 
the third, the few measurements of anatomic dead 
space (excluding nose and nasopharynx) in term 
infants range from 2.5 to 10 ml. (25, 26). Appli- 
cation of information from adults to the smaller 
figure would suggest a total anatomic dead space 
of 5.0 to 7.5 ml. for the term infant, a figure in 
fairly close agreement with the average physio- 
logic dead space calculated from the present data 
for a slightly smaller 2.5 Kg. infant. Obviously 
more studies of total anatomic dead space in in- 
fants are needed for an adequate comparison be- 
tween volumetric measurements and physiologic 
values. 

An additional explanation for the rapid re- 
spiratory rate of the newborn infant may be pro- 
vided by measurements of pulmonary compliance, 
elastic and viscous resistances and the work of 
respiration. Otis, Fenn, and Rahn (27) have 
calculated from such measurements the rate at 
which the “minimal work of respiration’ would 
occur in the normal adult. Preliminary determina- 
tions and calculations in this laboratory thus far 
indicate that this theoretical minimum in infants 
may occur at the rates usually encountered. Cer- 
tainly the newborn infant can increase his depth 
of breathing, as in many of those studied much 
larger tidal volumes were frequently observed in 
sighs or during restlessness before or after the 
basal periods selected for analysis. Nevertheless, 
the more rapid and shallow respiration may be a 
mechanically advantageous adaptation to physical 
factors peculiar to the lungs and chest of the new- 
born infant. These factors are at present under 
investigation in both the normal and abnormal 
infant. 

The functional residual capacity (Vrre) of a 
2.5 Kg. infant calculated from measurements re- 
cently made by one of us (P. K.) (28) has been 
included in Table IV. The discrepancy between 
this figure of 70 ml. and the 193 ml. predicted 
from the data obtained in adult subjects requires 
comment. Compared on the basis of weight, the 
adult’s lung has more than double the functional 
residual capacity of the infant’s lung (3.7 com- 
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TABLE IV 


Comparison of adult and infant respiratory data 











BMR (Cal./24 hrs.) 

Vo; (ml.)* 

Veo, (ml.)* 

V (ml.) 

f 

Vr (ml.) 

Va (ml.) 

Vp (ml.) 155 
Vb/Vr 0.31 
Vo./Va 0.067 
AIEP (cm. H2O) 4.7 
Work/min. (Gm. cm.)f 16,900 
Vrre (ml.) 2,700 
Vr = Vp ass 


Vrre 





Column Ct 
2.5 Kg. Infant 
(Present data) 


Column B 
2.5 Kg. Infant (23, 24) 
(Predicted from adult data) 


115 115 
16.6 17 
14.3 12.; 

430 498 

34 
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* These volumes are STPD; all others, BTPS. 


t V, f, and Vr are derived from Figure 2; the Vrrc is calculated from P. K.’s data (28); the other volume values 
are calculated from the data of Table II; the AIEP value is derived from Table III. 


t Work calculated from formula, 0.6 PV (18). 
§ These ratios represent averages from Table II. 


pared to 1.4 ml. per gram), a significant differ- 
ence in expansion presumably related to the obvi- 
ous differences in mechanical properties of the 
chest wall and lungs. Nevertheless, the similarity 
of the infant and adult (Vy — Vp)/Vrrc ratios 
shown in Table IV suggests that the effective 
ventilation of each breath bears the same relation 
to functional residual capacity in the infant as in 
the adult. This is evidence of fundamental func- 
tional similarity between infant and adult lungs 


in spite of certain rate, volume and mechanical 


differences. 

The present data have shown that AIEP and 
therefore, presumably, the intrapleural pressure 
change during respiration for the adult and for 
the infant is approximately the same. The actual 
work of respiration, as calculated from the min- 
ute volume and AIEP measurements corresponds 
closely to the predicted value in Column B. The 
possibility that this work may be normally per- 
formed at rates allowing minimal expenditure of 
energy by the infant has been considered above. 
In any case, if the mechanical efficiency of the 
respiratory muscles is estimated to be between 5 
and 10 per cent, as in adults (27), the work of 
quiet respiration in the infant is apparently be- 
tween 0.5 and 1.0 per cent of the total basal 
metabolism. 


SUMMARY AND CONCLUSIONS 


1. Measurements of respiratory minute volume, 
rate and tidal volume are presented for 35 normal 
newborn infants (birth weight, 1.82 to 4.08 Kg.) 
with determinations of the alveolar ventilation 
and functional dead space in 16. On the basis of 
these studies the expected averages for a normal 
infant of 2.5 Kg. during the first week of life are 
approximately : minute volume, 498 ml.; rate, 34; 
tidal volume, 15 ml.; alveolar ventilation, 355 ml.; 
functional dead space, 5 ml. The average values 
for infants of different sizes varied directly with 
body weight, with the exception that rate tended 
to be slightly more rapid in the smaller infants. 

2. Intraesophageal pressure differences during 
respiration were determined in 28 infants as an 
index of intrapleural pressure changes. The av- 
erage differences between maximal and minimal 
pressures for individual infants showed no rela- 
tionship to weight or age and, with one exception, 
ranged from 3 to 8 cm. H,O pressure (mean, 5 
cm.). Work of respiration has been estimated to 
be approximately 1450 Gm. cm. per minute for 
the normal 2.5 Kg. infant. 

3. Comparison, using basal metabolic rate as 
the common denominator, of the present data for 
infants with that available for normal adults indi- 
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cates essential similarity of minute volume, alveo- 
lar ventilation and work of respiration. The de- 
termined tidal volume and functional dead space 
of the infant are smailer than predicted from the 
adult values. However, when the actual more 
rapid respiratory rate of the infant is used in the 
calculations, the determined and predicted values 
are similar. The functional residual volume in 
the infant appears significantly lower than that of 
the adult when compared on the basis of metabo- 


lism. 

4. The suggestion is advanced that the com- 
paratively rapid respiration in the infant is not 
only possible because of a small functional dead 
space but probably optimal because of elastic and 
viscous properties of the lung peculiar to the 


newborn. 
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Studies on the effect of heat on the virus of se- 
rum hepatitis have shown that a mixture of nor- 
mal serum albumin and proved icterogenic plasma 
failed to produce serum hepatitis when inoculated 
into volunteers after it had been heated at 60°C. 
for 10 hours (1). Studies by Murray and Diefen- 
bach (2) on the effect of heating infected plasma 
pools showed that after four hours heating at 
60°C. the infected plasma pools retained their 
ability to produce hepatitis. A statement was 
made in their paper that heating for four hours 
or more at 60°C. led to an increase in turbidity 
and formation of a precipitate (2). With these 
two facts in mind plus the fact that a plasma pro- 
tein solution heated for 10 hours at 60°C. might 
be clinically useful, we decided to investigate the 
possibility of preparing a plasma protein solution 
that could stand heating for 10 hours at 60°C. 


with little or no change in the proteins. 

The present communication concerns the heat 
stability of the human plasma protein solution 
remaining after the crude fibrinogen and gamma 
globulin fractions have been separated from hu- 
man plasma by ethanol-water mixtures at low 
temperatures. 


METHODS AND RESULTS 


The procedure for the separation of the crude fibrino- 
gen fraction, Fraction I and the crude gamma globulin 
fraction, Fraction II + II] was in part similar to that us- 
ing ethanol at low temperatures (3). Fractions I and 
II+III were removed from the starting plasma for 
three primary reasons. First, the proteins contained 
in these two fractions have only a minor role in the col- 
loid osmotic pressure of plasma. Second, the proteins 
fibrinogen and gamma globulin, contained in Fractions 
I and II +III, respectively, could be salvaged for their 
specific clinical uses; i.e., afibrinogenemia, hemophilia and 
other coagulation component defects, agammaglobulinemia 


1 This investigation was supported in part by a research 
grant (H1229) from the National Heart Institute, of the 
National Institutes of Health, Public Health Service, 
and in part by the University of Kansas, General Re- 
search Project 151. 


and specific infections requiring prophylaxis with anti- 
bodies. Third, Fractions I and II + III contain most of 
the more heat labile components of human plasma. The 
supernatant fluid following the removal of Fractions I 
and II + III was dried from the frozen state. The powder 
obtained was the material used in this investigation. 

Plasma used in the preparation of this material was 
supplied by the American Red Cross through its Regional 
Blood Centers at Omaha, Nebraska, and Springfield, 
Missouri. The plasma was pooled at the Blood Center 
into two-liter bottles and ten liters were shipped to us 
each week. No attempt was made to keep the plasma 
cold while en route. Upon arrival at the laboratory 
each bottle was placed in a freezer kept at — 18°C. 
When ready for processing, the plasma was thawed in a 
bath maintained at 37°C. and the separation of Fraction 
I and II + III was started immediately. 


Separation of Fraction I 


Fraction I was separated by 8 per cent ethanol, pH 
7.2+0.2, '/2=0.14, and temperature 0°C. + 0.5°C. 

To each liter of plasma, 92 ml. of cold 95 per cent 
ethanol were added slowly by siphon at a rate of 50 ml. 
per minute. The temperature was maintained at 0°C. + 
0.5°C. Adjustment of the pH to 7.2 + 0.2 with 0.1 M bi- 
carbonate was necessary as the pH of the starting plasma 
was usually around 6.8. Fraction I 
was removed by centrifugation in a small Sharples cen- 
trifuge at 0°C.+0.5°C., at a feed rate of 50 ml. per 
minute. 


The precipitated 


Separation of Fraction II + III 


Fraction II + III was separated by 25 per cent ethanol, 
pH 68+ 0.05, '/2=0.12 and temperature — 5°C. 

To each liter of the supernatant fluid remaining fol- 
lowing removal of Fraction I, 234 ml. of cold 95 per 
cent ethanol containing a predetermined amount of pH 
4 acetate buffer 2 was added by siphon at a rate of 50 ml. 
per minute. The temperature was lowered to —5°C. 
during the addition of the reagent. The precipitated 
Fraction II + III was removed in the Sharples centrifuge 
at — 5°C. at a feed rate of 30 ml. per minute. 

The supernatant fluid following removal of Fraction 
II+III was clarified by filtration at —5°C. 


2 This buffer has a mole ratio of sodium acetate-acetic 
acid of 0.2 and is conveniently made up by taking: 200 
ml. of 4 molar sodium acetate; 400 ml. of 10 molar acetic 
acid and water to make 1 liter. When diluted with wa- 
ter eighty times, it should have a pH of 4.00 + 0.02 when 
measured in a glass electrode at 25°C. 


through 
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TABLE I 
The electrophoretic distribution of the proteins of the supernatant fluid following drying and re-constitution in 


pH 8.6 veronal citrate buffer, 1/2 = 0.1 











Yield 
(approx. 
dry wt. 
per liter 
of plasma) 

grams 


59 60.4 


56 65.2 
7 62.8 


Protein 
content 
of dry 
weight 
per cent 


Hormann D-8 filter pads with the aid of Hyflo Super 
Cel. The fluid so clarified was then dried from the 
frozen state and stored at — 18°C. until used. 


Electrophoretic distribution of the powder obtained 
from drying the supernatant fluid 


The protein distribution of three different 
preparations made by the procedure above has 
been determined using the Klett Electrophoresis 
apparatus. The material for the electrophoresis 
determination was dissolved to a concentration of 
1 to 2 per cent with veronal citrate buffer of 0.1 
Table I shows the 
Prepa- 


ionic strength and pH 8.6. 
protein distribution for each preparation. 
ration 1 represents a mixture of the powder ob- 
tained from six, four-liter plasma pools. Prepa- 
rations 2 and 3 represent the powders obtained 
from 8.8 and 8.1-liter plasma pools, respectively. 

The table shows that the yield of the dry powder 
from the supernatant fluid in each preparation was 
between 56 to 59 grams per liter of plasma. This 
weight was not adjusted for moisture content 
which is usually between 5 to 10 per cent in our 
method of drying from the frozen state. The 
protein content of the powder based on the biuret 
determination (4) was between 60 and 65 per 
cent. The protein distribution of the powder was 
80 to 83 per cent albumin, 11 to 14 per cent alpha 
globulin, and 5.6 to 5.7 per cent beta globulin. 
Neither fibrinogen nor gamma globulin was con- 
tained in this material. 


The effect of heating for 10 hours at 60°C. on the 
optical density of the plasma protein solution 


The powder obtained from drying the super- 
natant fluid following the removal of Fractions I 


3 Hyflo Super Cel was suspended in the supernatant 
fluid to approximately 0.25 per cent. The filter pads 
were precoated with Super Cel also. 


Electrophoretic distribution 


Fibrinogen y-globulin 
per cent per cent 


8-globulin 
per cent 


80.3 14.1 3. 0 
11.7 
12.6 


a-globulin 
per cent 


Albumin 
per cent 


82.7 
81.7 


and I] + III was reconstituted to a five per cent 
solution with cold distilled water. The pH of the 
solution was adjusted to 6.8+ 0.05 when neces- 
sary. The protein concentration was 3.3 per cent 
as determined by the biuret method (4). 

The reconstituted material was sterilized by 
filtration through Hormann D-3, D-8 and D-10 
filter pads, placed into sterile Coleman, Jr. Spec- 
trophotometer tubes, and capped with sterile rub- 
ber stoppers. Some of the tubes were heated for 
10 hours at 60°C., while others not heated were 
used as control tubes. Optical density readings 
of both the heated and control tubes were made at 
550 mp in the Coleman Jr. Spectrophotometer. 
Table II shows that heating for 10 hours at 60°C. 
changed the optical density very little. 


The ultracentrifugal and electrophoretic analyses 
of the unheated solution and of the solution 
heated for 10 hours at 60° C. 


Heated and unheated samples of Preparations 1, 
2, and 3 were studied in the Spinco Ultracentri- 
fuge Model E. One ml. of each preparation was 
diluted with 2 ml. of 0.15 M NaCl making an 
average protein concentration of 1.1 per cent. 
For each preparation the heated and unheated 
samples were run at the same time using both 
cells of the rotor. Each sample was run at full 


TABLE II 


The effect of heating for 10 hours at 60°C. at pH 6.8 on the 
optical density of the plasma protein solution 








Average 
optical 
density 
0.203 
0.209 
0.174 
0.190 
0.192 
€.200 


Number 
tubes 
read 


Prepa- 
ration 
number 


Heat 
treatment 





1 Control 
10 hours at 60°C. 25 
2 Control 20 
10 hours at 60°C. 50 
3 Control 20 
10 hours at 60°C, 49 








PREPARATION OF A STABLE HUMAN 


speed of 59,700 RPM for 100 minutes and pic- 
tures were taken at 5, 10, 15, 20, 30, 40, and 100 
minutes after the rotor had reached full speed. 
Five minutes after the rotor had reached full 
speed a fast moving component was observed in 
the heated sample of the three preparations (ar- 
row, upper diagram, Figure 1A). Very little of 
this component was seen in the unheated sample 
(lower diagram, Figure 1A). Five minutes later 
this component was hardly discernible (arrow, 
upper diagram, Figure 1B). Throughout the re- 
mainder of the run no components other than the 
main component in both the unheated and heated 
samples were seen in the ultracentrifuge pattern. 

To ascertain to what extent the main com- 
ponent was decreased due to heating for 10 hours 
at 60°C., the area of the main peak of each of the 
heated and unheated samples was determined 
from the picture taken 100 minutes after full speed 
had been attained (Figure 1C). The areas of the 
main peaks of the heated samples compared with 
those of the unheated samples in Preparations 1, 
2, and 3 were approximately 86.2, 96.0, and 83.4 
per cent, respectively. This indicates that heating 
causes a reduction in the amount of the main 
component. Whether the reduction in the main 
component is accounted for in the fast component 
has not been determined. The uncorrected sedi- 
mentation constant of the main peaks in each of 
the heated and unheated samples was nearly the 
same in all preparations, approximately 4 x 10-**. 

The electrophoretic results obtained on the 


Fie. 1. 


PLASMA PROTEIN SOLUTION 985 


heated solution of Preparations 1, 2, and 3 showed 


the protein distribution to be very nearly the same 


Al- 


bumin was approximately 80 per cent, alpha glob- 


as that in the starting material (Table I). 
ulin 16 per cent, and beta globulin 4 per cent. 


DISCUSSION 


By the use of the cold ethanol method (3, 5), 
Pennell (6) has fractionated plasma to which 
either T6 phage virus or mouse SK polio virus 
had been added. He showed that for the most 
part both viruses were removed in Fractions | 
and II + III. The supernatant fluid following 
removal of Fraction II + III contained only a 
small percentage of the starting concentration of 
either virus. Murray (7) reported that albumin 
prepared by the cold ethanol method from a human 
plasma pool infected with homologous serum hepa- 
titis was not infective in 10 volunteers when it had 
been heated for 10 hours at 60°C. When 100 ml. 
of 25 per cent albumin not heated for 10 hours at 
60°C. were given to each of five volunteers, one 
case of hepatitis developed. Murray and Ratner 
(8) have demonstrated further that gamma glob- 
ulin prepared by the cold ethanol method from 
human plasma infected with homologous serum 
hepatitis does not produce hepatitis in humans. 

The work of Pennell and Murray suggests that 
both the cold ethanol fractionation process and the 
heating for 10 hours at 60°C. are responsible for 


the albumin solution being free of virus. The 


Cc 


THE ULTRACENTRIFUGAL SEDIMENTATION DIAGRAMS OF THE PLASMA PROTEIN SOLUTION, 


PREPARATION 3 


The upper diagrams represent the heated solution, the lower the unheated solution. 


Picture A 


was taken 5 minutes after reaching full speed (59,700 RPM); B, 10 minutes after full speed; and 


C, 100 minutes after full speed. 
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method described in this communication makes 
use of the cold ethanol process to remove the more 
unstable proteins thus permitting heating for 10 
hours at 60°C. A study of this process on plasma 
infected with homologous serum hepatitis is indi- 
cated. If proven successful in human volunteers, 
the plasma protein solution resulting could be pre- 
pared on a large scale more economically than can 
albumin with equipment that already exists in the 
industrial laboratories. 

Preliminary studies suggest that acetyl-dl-tryp- 
tophanate is a stabilizing agent for the plasma pro- 
tein solution. The present method is being stud- 
ied on a pilot plant scale by the Biologic Labora- 
tories, Massachusetts Department of Public 
Health, Boston. Large volumes of the solution 
containing acetyl-dl-tryptophanate are being heated 
for 10 hours at 60°C. 


SUMMARY 


1. A method for the preparation of a stable 
human plasma protein solution involving the re- 
moval of the more heat labile components from 
plasma with ethanol-water mixtures has been 


described. 

2. The solution contains nearly all the albumin 
and some of the small molecular weight globulins 
that are normally contained in plasma. 

3. Very little, if any change is observed in the 
optical density and electrophoretic distribution of 
the solution following heating for 10 hours at 
60°C. 

4. Ultracentrifugal analyses show the formation 
of a fast moving component in the solution due to 
the 10 hours’ heating at 60°C. 
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The exact time of functional closure of the 
ductus arteriosus in the newborn human infant 
has remained a matter of speculation for many 
years. Studies of human anatomical specimens 
have shown that complete morphologic closure 
requires from four to eight weeks (1-5). 

Animal experiments have been the main ap- 
proach to the study of functional closure. All 
workers agree that at the time of birth, but be- 
fore the onset of respiration and inflation of the 
lungs, the pressure in the pulmonary artery is 
equal to or greater than the pressure in the aorta 
and that a considerable portion of the output of 
the right ventricle passes through the ductus into 
the descending aorta. Most workers agree that 
in animals, with the onset of respiration, there oc- 
curs, within a few minutes, a rapid fall in pul- 
monary artery pressure so that blood no longer 
flows through the ductus into the aorta. How- 
ever, Everett and Johnson (6) by injecting radio- 
active material into the right ventricle and study- 
ing the amount appearing in the dorsal aorta dis- 
tal to the ductus in newborn puppies felt that the 
flow through the ductus into the aorta may per- 
sist for as long as nine hours after birth. 

There is less agreement about the mechanism 
of this early functional closure of the ductus. 
Kennedy and Clark (7-9) observed prompt clo- 
sure of the guinea pig ductus by muscular contrac- 
tion during oxygen breathing, but Barron (10) 
could not corroborate this effect of oxygen in the 
lamb fetus. Other workers who have studied the 
closure of the ductus in the newborn lamb by 


1 This study was aided by grants from the San Fran- 
cisco Heart Association and the Fuller Foundation. 

2 Presented in part at the Forty-Sixth Annual Meeting 
of the American Society for Clinical Investigation, At- 
lantic City, New Jersey, May 4, 1954. 

3 Evelyn Neizer Fellow in Medicine. 

4Scholar in Medical Science—John and Mary R. 
Markle Foundation. 


angiography suggested that prompt closure oc- 
curred by muscular contraction within a few min- 
utes after birth and that occasionally, after initial 
closure, the ductus may reopen (11-13). 

Recently careful studies in lambs have been 
made by Dawes, Mott, Widdicombe, and Wyatt 
(14) and Ardran, Dawes, Prichard, Reynolds, 
and Wyatt (15). They employed the technic of 
cineangiography as well as intravascular pressure 
measurements and blood oxygen analyses. An im- 
mediate fall in pulmonary artery pressure and pul- 
monary vascular resistance accompanied by a great 
increase in the velocity of blood flow through the 
pulmonary circuit was found to occur with infla- 
tion of the lungs. The fall in pulmonary artery 
pressure was accompanied by a reversal of the 
flow through the ductus. The ductus was not 
observed to close during the course of these ob- 
servations which lasted up to 90 minutes after 
birth. 

Fewer experimental data are available regarding 
This, 


however, has not impeded the free application of 


the closure of the ductus in the human. 


results of animal experiments to the human de- 
spite words of caution by careful investigators 
(12). However, it is generally agreed that, as in 


animals, a physiologic pulmonary hypertension is 
present in the human fetus at the time of birth and 
before inflation of the lungs, but little is known 
about the changes in the circulation through the 
ductus and the lungs that occur with the onset of 


respiration. Patten (4, 16) has suggested that 
the circulatory adjustments in the human at birth 
may be more gradual than the abrupt alterations 
that occur in animals. This concept is based upon 
careful post-mortem anatomic measurements made 
in a large number of stillborn fetuses and newborn 
infants which demonstrate a well-developed pul- 
monary circulation at the time of birth and a 
gradual transition in the size of the vessels to adult 
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relationships during the first two to three months 
of life. 

The most important experimental studies of the 
closure of the human ductus have utilized the 
technic of angiography. Using retrograde aortog- 
raphy, Keith and Forsyth (17) found in two in- 
fants five days of age that no contrast medium en- 
tered the ductus from the aorta and concluded 
that functional closure was complete. Using ve- 
Lind Wegelius (18) 
found the ductus to be patent in six infants im- 
mediately after birth, and in “some other instances 
to have closed a few hours after birth.” Retro- 
grade aortography in two infants, two and six 
hours after birth, disclosed no contrast medium go- 
ing through the ductus from the aorta into the 
pulmonary artery. 


nous angiography, and 


However, in a later presenta- 
tion (19) Lind described the results of venous 
angiography in 10 newborns studied within 12 
hours after birth. In none of these cases was the 
ductus (20) 
noted one instance of a cyanotic newborn infant 
in whom ductal flow from pulmonary artery to 


arteriosus visualized. Johnsson 


aorta was demonstrated by angiography, and in 
whom cyanosis had disappeared one week later 


at which time angiography revealed no veno- 
arterial ductal shunt. 


These conflicting results indicate that the exact 
time of functional closure of the human ductus is 
still unsettled but that, at least in some infants, 
the ductus may be patent during the first few 
hours of life and that it may be the site of a veno- 
The 
present study was stimulated by these studies and 
by the observation that infants in the neonatal pe- 
riod occasionally show cyanosis of the lower part 
of the body but not of the upper portion. Regional 
cyanosis of this type has been observed in older 
children and adults who have a patent ductus 
arteriosus with pulmonary hypertension and a 
veno-arterial or “reversed” shunt through the 
ductus (21, 22). Due to this shunt of venous 
blood through the ductus to the descending aorta 


arterial shunt of considerable magnitude. 


the arterial oxygen saturation is lower in the feet 
than in the hands. We believed that if a similar 
shunt were present in the newborn, it would con- 
tinue as long as the ductus remained patent and 
the pressure in the pulmonary artery exceeded 
that in the aorta. 


have carried out 66 studies on 60 infants of vary- 


To examine this possibility we 
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ing ages. The method of study was based upon 
determinations of the oxygen content of blood sam- 
ples obtained from the upper and lower ex- 
tremities. 


METHODS 


Arterialized capillary blood samples were collected 
from a finger of the right hand and from the toe of 
either foot. The right hand was selected rather than 
the left since occasionally the orifice of the left sub- 
clavian artery may lie opposite the ductus and, in the 
presence of a ductal veno-arterial shunt, allow some un- 
saturated blood to enter the left arm (23). The technic 
of sampling has been previously described (24). The 
extremities were warmed by hot moist compresses for 
five minutes and a deep incision made in the fleshy tip 
of the digit by a sharp scalpel blade. This usually pro- 
duced from 0.5 to 1.0 ml. of blood in about 60 seconds. 
The samples were then chilled and analyses made within 
a few hours for oxygen contents and capacities by the 
Roughton-Scholander micro gasometric method for esti- 
mation of blood oxygen (25). Oxygen capacities were 
determined in all but 5 samples, where the quantity was 
insufficient to perform the analysis. 
the oxygen capacity calculated from the hemo- 
globin content of the sample. Estimated values for dis- 
solved oxygen were subtracted from these figures, and 


In these specimens 
was 


the results expressed in terms of per cent oxygen satu- 
ration. Samples collected and analyzed in this manner 
have been content to 
simultaneously drawn arterial samples (24). The blood 
thus obtained probably comes from small arterioles or 
arteries since the blood flow is rapid and occasionally can 
be seen to “spurt” in synchrony with the radial pulse, and 
if a blood pressure cuff placed around the arm is in- 
flated to diastolic pressure during the warming of the 
hand and the sampling period, the hematocrit and 
oxygen saturation of the sample are unchanged (26). 
This would not be the case if capillary or venous blood 
were being obtained. 

Most infants cried during the sampling period and 
were indeed encouraged to cry because continuous cry- 
ing would minimize the gross differences in ventilation 
which might occur in the change from quiet to crying 
state. Since the samples were not taken simultaneously 
and in order to randomize the effect of crying on the 
samples, the foot and the hand were alternated as the 
site of the first sample. Analysis of the data obtained 
revealed no variations in hand-foot oxygen saturations 
that could be ascribed to whether the hand or foot sam- 
ple was obtained first. 

As part of the study, a careful auscultation of the 
heart was performed on all infants, and a note made of 
the presence or absence of cyanosis of any part of the 


body. 


shown to be identical in oxygen 


OBSERVATIONS 


In 57 out of the 66 studies the blood sample 
from the right hand had an oxygen saturation of 
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90 per cent or more (Tables I and II). This in- 
dicates that true arterial blood had been obtained 
and that the sampling technic and methods of 
analysis were adequate. The nine cases in which 
an oxygen saturation of less than 90 per cent was 
obtained from the right hand showed levels only 


slightly below 90 per cent. They were: 87.7, 


989 


88.8, 87.0, 86.0, 87.4, 89.8, 86.6, 88.8, and 85.4 
per cent saturation. The ages of these infants 
were 40 minutes, 1% hours, 17% hours, 20% 
hours, 6% months, 8 months, 9 months, 10 months, 
and 10 months, respectively. 

A comparison of the blood oxygen saturation 
of the right hand with that of the foot in 62 studies 


TABLE I 


Hand-foot oxygen saturation differences and magnitude of ductal veno-arterial shunt in 43 studies 


performed on 37 infants within five days after birth * 








Right hand 

Oxygen 
capacity 
ml./100 
ml. blood 


Oxygen 

content 
Age ml./100 
hours 


Oxygen 
saturation 


Infant per cent 


Oxygen 


Significant 
veno- 
arterial 
shunt 


Difference in 
% saturation 
Hand minus foot 

+Foot saturation % of de- 
lower scending 

—Foot saturation aorta flow 
higher (estimated) 


Foot 
Oxygen 


content capacity 
ml./100 ml./100 


Oxygen 
saturation 
per cent 








87.7 
94.4 
90.3 
92.0 
88.8 
93.4 


20.04 
23.11 
18.86 
23.98 
22.09 94.4 
17.42 92.2 
20.33 21. 93. 
21.77 , 90. 
24.63 : 91. 
26.30 ate 95. 
23.50 25. 90. 
23.68 24.62 96. 
27.68 29. 95. 
24.40 : 93. 
24.64 26.7 92. 
17.98 id 93. 
22.19 24.: 91. 
18.02 . 93. 
26.65 : 92. 
17.12 87.0 
26.34 a8: 97.2 
19.18 22.2 86.0 
24.53 26.22 93.5 
22.55 
17.39 
22.80 
18.37 
20.70 
26.28 
23.78 
18.48 
24.61 
21.35 
21.46 
18.09 
26.49 
25.39 


CONIDAME WN 
Its RO Rol Rol toe 


fh teh tek beh fh 
nko © 
[co ico RO Rope 


ee ie tle 
WOU WN DTH Wnt 


1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
F 
3 
3 
4 
6 
6 
1 
2 
4 
7 


fh ph mh 
vee 


~ 


none 


40 (6) 

41 

42 (9) 
43(2) 120 


Mean 
Range 18.39 to 
29.08 


+2.98 


87.0 to 
97.2 


Standard deviation +2.3 
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* Repeat studies were performed in four infants. 
following the repeat study. 


These are indicated by the number of the infant in parentheses 
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TABLE II 


Hand-foot oxygen saturation differences determined in 19 infants from 3} to 11 months old (control group) 














Diff. in 
per cent 
Right hand saturation 
——____— — - ——_— Hand minus foot 
Oxygen Oxygen Oxygen Oxygen +Foot saturation 
content capacity Oxygen content capacity Oxygen lower 
Age ml./100 ml./100 saturation ml. ml./100 saturation —Foot saturation 
Infant months ml. blood ml. blood per cent ml. blood per cent higher 


13.58 15.08 90.1 3.< 15.08 88.6 +1.5 
15.07 15.95 94.5 5. 15.91 95.8 —1.3 
12.53 13.60 92.1 od 13.61 90.7 
13.06 14.42 90.5 3. 15.13 90.3 
13.89 14.67 94.7 : 15.43 92.7 
14.55 15.60 93.3 : 15.11 94.6 
13.28 13.92 95.4 3.35 14.06 95.0 
13.76 14.40 95.5 A 14.17 91.6 
14.40 15.29 94.2 . 14.92 94.9 
10.20 10.74 94.9 os 11.19 94.3 
11.14 12.76 87.4 : 11.84 92.0 
15.65 17.41 89.8 . 17.46 89.3 
14.40 15.97 90.2 a 16.31 88.0 
10.30 11.24 91.6 By 11.61 91.0 
13.51 15.60 86.6 ‘ 16.66 88.3 
13.70 15.44 88.8 “ 15.26 93.9 
12.68 14.86 85.4 3. 15.93 86.7 
16.33 17.47 93.5 ; 16.96 95.7 
15.10 15.57 97.0 7 15.66 94.5 


IDM eWNRE SOON AU SE Whe 


KOSS COSOMMHAAAUN 
Ne 


Mean 13.53 14.74 91.9 3. 14.85 92.0 
Range 10.20 to 10.74 to 85.4 to 57 11.19 to 86.7 

16.33 17.47 97.0 : 17.46 95.8 
Standard deviation +1.61 +1.70 +3.1 5 +1.71 +2.8 
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Positive values in this and subsequent figures indicate cases in which the oxygen 
saturation in the foot is lower than that in the hand. The mean difference for each 
group is indicated just to the right of the oldest infant in the group. 
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is shown in Tables I and II and graphically il- 
lustrated in Figure 1. For ease of presentation 
we have chosen to express the relationship be- 
tween the oxygen saturations of blood from the 
upper and lower extremities as the hand satura- 
tion minus the foot saturation (hereafter referred 
to as the hand-foot difference); hence cases in 
which the foot saturation is lower will appear 
above the baseline of the graph and will have a 
positive value. 

Nineteen infants aged 34% months to 11 months 
who were free of cardiac or pulmonary disease that 
might affect arterial oxygen saturation served as 
controls (Table II). Since the ductus is ana- 
tomically .closed by this age, all of these infants 
should have the same oxygen saturation in both 
hand and foot blood. In these cases, no hand-foot 
saturation difference of more than 5.1 per cent 
was observed. 

A statistical evaluation of the data obtained 
from all four groups of infants studied is pre- 
sented in Table III. It can be seen that there is 


a striking difference hetween the two groups of 
children less than 72 hours of age and the two 
groups of children older than 72 hours. 


The 
mean values are higher, and the variances are 
distinctly greater in the younger groups. The 
high variance (scatter) at the earlier ages is a 
reflection of the presence of a sizable fraction of 
the subjects giving large hand-foot differences, 
with many others giving near-zero values. The 
smaller variance in the later groups reflects the 
disappearance of high values, which may be in- 
terpreted as evidence of the disappearance of the 
ductal veno-arterial shunt within the first three 
days of life. The mean hand-foot difference for 
the 35 infants less than 72 hours old is 3.44; the 
mean hand-foot difference for the 27 infants older 
than 72 hours is .013. The difference between 


TABLE III 


Statistical evaluation of the data from the 
four groups of infants 








Mean 
hand-foot 
difference 

% satu- 
ration 


Standard 
error of 
mean 


Variance 
of obser- 


Age group vations 


1 to 3 hrs. 4.37 1.04 
3 to 72 hrs. 2.82 .94 
72 to 120 hrs. 59 43 
34 to 11 mos. —.10 52 





15.244 

18.73 
1.487 
5.318 
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Fic. 2. SertAL MEASUREMENTS OF HANp-Foor OxyYGEN 
SATURATION DIFFERENCES IN Four INFANTS 


these two values is statistically significant at the 
.001 level of significance, and thus can hardly be 
attributed merely to chance factors. It is impor- 
tant to note that it is not only the mean which is 
changing but that also the variability amongst the 
hand-foot differences is much greater at earlier 
ages. The variances of the paired groups also 
differ far more than chance alone would explain, 
1 per cent significance by Bartlett’s test (27). 

These data suggest the presence of a veno- 
arterial shunt through the ductus in a consider- 
able number of infants during the first three days 
of life. If one accepts a 5 per cent hand-foot dif- 
ference as probably certain evidence of a shunt 
(since only one of the 19 control cases had a dif- 
ference larger than this), then it can be seen that 
5 out of 14 infants or 36 per cent of cases under 
three hours of age and 4 out of 21 infants or 19 
per cent of cases from 3 to 72 hours of age had 
veno-arterial shunts while none of the children 
in the 72- to 120-hour group exhibited evidence of 
such a shunt. It should be pointed out that a 
5 per cent difference in saturation between hand 
and foot indicates the presence of a veno-arterial 
shunt contributing about 30 per cent of the total 
blood flow in the descending aorta. From in- 
spection of the data in Figure 1 it is apparent that 
several infants probably had smaller shunts be- 
cause the majority of the values in the first two 
groups of infants lie above the zero line of the 
graph while the values for the older children are 
more evenly scattered above and below the zero 
line. This is also reflected by the differences in 
the variances shown in Table III. 

Four infants who initially presented evidence of 
a veno-arterial shunt were studied more than once 
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during the first five days of life. The differences 
in hand-foot saturation shortly after birth are 
shown in Figure 2, as are the differences with 
increasing age. All three infants followed to the 
age of five days lost evidence of veno-arterial 
shunts to the lower exiremities, the one infant 
followed only to two days still maintained a large 
hand-foot difference. 

The lower oxygen saturation of the foot blood 
as compared to that of the hand was often striking 
and obvious. Defin‘te cyanosis of the feet as 
compared to the normal pink color of the hand 
was noted in almost all the infants with a hand- 
foot difference in oxygen saturation of 8 per cent 
or over. Upon obtaining the blood samples, in- 
spection of the two syringes frequently revealed 
the obvious darker color of the less saturated 
sample from the foot. 

Heart murmurs were carefully sought for in 
these infants. A murmur was heard in only one 
case, a one and one-half-hour-old girl who had 
a hand-foot oxygen saturation difference of 7.0 
per cent. The murmur was systolic in time, of 
moderate intensity, and was heard best in the pul- 
monic area. 


DISCUSSION 


It may be remotely possible that the greater 
hand-foot oxygen saturation difference in the first 
few days of life may reflect regional differences in 
the circulation between these two extremities so 
that venous blood was obtained in the samples 
from the foot but not from the hand. However, 
no consistent differences in rate of flow were noted 
between the extremities ; the differences in satura- 
tion had disappeared by the third day of life, and 
no differences in saturation were noted in the con- 
trols so that it would appear that the samples ob- 
tained were equivalent to samples of arterial 
blood. Since a patent ductus arteriosus with 
veno-arterial shunt is the most probable circula- 
tory cause for the observed differences in hand- 
foot oxygen saturation, it is apparent that the 
above data have several important implications. 

1. In the newborn human infant the ductus 
arteriosus is patent and is the site of a veno- 
arterial shunt of moderate to considerable mag- 
nitude for at least three hours after birth in about 
30 per cent of infants, and in a smaller percentage 
of infants up to two or three days of age. Crude 
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calculations, assuming a systemic arteriovenous 
oxygen difference of 4 ml. per 100 ml. blood, in- 
dicate that this veno-arterial shunt may contrib- 
ute as much as 72 per cent of the total blood flow 
in the descending aorta The right hand column 
in Table I shows the estimated percentage of de- 
scending aorta flow contributed by the right-to- 
left shunt through the patent ductus in infants 
having hand-foot oxygen saturation differences of 
5 per cent or more. In the six infants up to 
three hours of age who showed significant shunts, 
the range was from 29 to 59 per cent of the de- 
scending aorta flow with a mean for these infants 
of 44 per cent. In the four infants, 3 to 72 hours 
of age, who showed shunts, the range was from 
43 to 72 per cent with a mean of 61 per cent. Be- 
cause of the limits of error of the technic, veno- 
arterial shunts of less than 30 per cent of the total 
descending aorta flow could not be detected, and 
it may well be that a larger proportion of infants 
had shunts which were not detected in this study. 

2. If a veno-arterial shunt occurs through the 
ductus, it follows that the pulmonary artery pres- 
sure must exceed or equal the pressure in the aorta 
as long as the shunt persists. Several studies 
(28, 29) have indicated that the femoral or bra- 
chial arterial pressure in the newborn infant is 
about 80/47 mm. Hg. If one subtracts 5 mm. 
from the systolic level to allow for the “standing 
pressure wave” in the femoral artery (30), the 
pressure in the aorta of the newborn can be ap- 
proximated at 75/47 mm. Hg. Thus, the pul- 
monary artery pressure in the infants with ductal 
veno-arterial shunts must at some time in the heart 
cycle exceed this pressure although the magnitude 
of this difference in pressure is unknown. The 
size of the shunt and the pressure difference will 
also be related to the size of the ductus. With a 
relatively large ductus a large shunt may exist 
with little pressure difference. The influence of 
crying upon the pressure relationships and mag- 
nitude of the shunts is unknown. It is quite pos- 
sible that the increase in intra-thoracic pressure 
associated with crying might cause a veno-arterial 
shunt to occur through the ductus where none 
was apparent at rest. 

The cause of the disappearance of the veno- 
arterial shunt, which is complete in most infants 
by the age of 72 hours, is not clear. Two pos- 
sibilities exist: (a) the ductus may have closed so 
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TABLE IV 
Data on four infants before and after breathing 12 per cent oxygen 
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Oxygen 
mixture 


gen Oxygen 
saturation % 
Right hand 


Difference in 
% saturation 
Hand minus foot 
+Foot saturation 
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saturation % —Foot saturation 
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Room air 
12% Oz 


Room air 
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Room air 
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64 


Room air 
12% Oz 


144 


93.5 
85.2 


79.7 


9 
7 
92.3 8 
7 
93.1 9 
83.7 7 
92.3 
57.4 


6 
0 
7 
1 


1 
9 
8. 
3 
4.0 
8.7 
8 
3 


93. 
47.. 





that it will not transmit blood in either direction, 
or (b) the pressure in the pulmonary artery may 
have fallen to a level below the aortic pressure 
thereby causing the veno-arterial shunt to disap- 
pear but making an arteriovenous shunt possible. 
The latter has been the case in the animal studies 
of Ardran and co-workers (15), where the pul- 
monary resistance and pressure fell markedly 
within 15 minutes of birth, thereby causing an 
arteriovenous shunt to develop. 

To investigate these possibilities, hand and foot 
blood samples were collected in the manner de- 
scribed above from four infants before and at the 
end of a six-minute period of hypoxia. This was 
produced by having the infant breathe, by means 
of a face mask, a 12 per cent oxygen mixture. 
While breathing room air, there was no hand-foot 
difference of greater than 3.6 per cent in the in- 
fants studied (Table IV). 

A significant degree of arterial unsaturation 
was produced by the low oxygen breathing since 
the oxygen saturation of hand blood fell in each 
case, the mean fall being 10 per cent, correspond- 
ing to a drop in oxygen tension of about 20 mm. 
Hg. In each case this resulted in an increase of 
the hand-foot difference indicating the re-establish- 
ment of the veno-arterial shunt through the ductus 
(Figure 3). One infant (Infant D, Table IV) 
had a marked generalized fall of oxygen satura- 
tion during the low oxygen breathing—from an 
initial value of 92 per cent saturation in the right 
hand to a value of 57 per cent. This was accom- 
panied by visible, generalized cyanosis and som- 
nolence. After room air breathing was resumed, 


the cyanosis promptly disappeared and no subse- 
quent ill effects were noted. A similar precipi- 
tous fall in oxygen saturation in one patient was 
noted by Burchell, Swan, and Wood during the 
breathing of low oxygen mixtures by an older 
patient with a patent ductus and pulmonary hy- 
pertension (23). The mechanism of the response 
is unknown. Hypoventilation (31) or intense 
pulmonary vasoconstriction with a large veno- 
arterial ductal shunt associated with a right- to 
left-shunt through a patent foramen ovale are pos- 
sibilities. Because of this hazard of induced hy- 
poxia in infants, further studies were not carried 
out. 

The above data suggest that the cause of the 
disappearance of the hand-foot oxygen saturation 
difference is a fall in pulmonary artery pressure 


ROOM AIR 12% OXYGEN 


Saturation 


Difference 
Hand- Foot 


Percent 








AGE-Hours 


Fic. 3. EFrect oF BREATHING 12 Per CENT OXYGEN 
upon Hanp-Foor OxycEN DIFFERENCES IN Four NeEw- 
BORN INFANTS 
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to a level below the aortic pressure rather than 
actual closure of the ductus arteriosus. The in- 
fant pulmonary vascular bed is apparently similar 
to that of the adult in its response to hypoxia, 
which causes an increase in pulmonary vascular 
resistance and a rise in pulmonary artery pres- 
sure. This is sufficient to re-establish the veno- 
arterial shunt through the ductus. Similar find- 
ings were noted by Lind and Wegelius (18) in 
two cases of neonatal asphyxia who gave angio- 
graphic evidence of a patent ductus with pul- 
monary artery to aorta flow. It is remotely pos- 
sible that ductal closure has occurred by muscular 
contraction and that hypoxia has caused the duc- 
tus to reopen by muscular relaxation. One must 
still, however, assume that the pulmonary artery 
pressure has either remained higher than the 
aortic pressure since birth or that it has become 
elevated by the hypoxia. This problem will not be 
settled until further proof of the closure of the 
human ductus by muscular contraction is available. 
Whether muscular activity is involved in the 
process cr not, these data raise the interesting 
question of the relationship of hypoxia to per- 
manent patency, since there have been several 
reports of increased incidence of patent ductus 
arteriosus in children and adults at high altitudes 
where a consistently low oxygen tension is ex- 
perienced (32, 33). 

It is apparent that this study has not demon- 
strated the actual time of physiologic closure of 
the ductus, but it has shown that in some cases the 
ductus may remain open much longer than has 
previously been supposed. The fact that the 
veno-arterial shunt persists in some infants for 
several days indicates that the fall of pulmonary 
artery pressure from neonatal levels is variable 
and may depend upon other factors besides in- 
spired oxygen tension. 

3. The difference in oxygen saturation between 
blood samples from the upper and lower extremi- 
ties in the newborn has another very practical 
implication. Many studies have been made by 
various workers in an effort to study the arterial 
oxygen saturation of the newborn. In many of 
these studies foot or umbilical artery blood has 
been used (34-37). In one of these studies (38) 
conclusions were drawn as to the chemical con- 
trol of respiration in the newborn infant. The 
oxygen saturations thus obtained, in many in- 
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stances, may have been low because of the veno- 
arterial shunt at the ductus, as demonstrated by 
the data in this paper. Values for carbon dioxide 
content and pH in the foot blood would also be 
different from true arterial blood by virtue of this 
venous admixture. Several studies using oxi- 
meters placed on the ears (39, 40) or foreheads 
(41) of newborn infants have thus avoided this 
venous admixture from the ductus and have shown 
arterial saturations comparable to those found in 
the right hands of the infants in this study. It 
is apparent therefore that in order to obtain true 
arterial blood from the newborn and to avoid the 
venous admixture due to the ductus, samples 
should be obtained from either the right upper 
extremity or the right ear lobe. 

4. The absence of heart murmurs in these in- 
fants with blood flow through the ductus is of in- 
terest. Only one of the 43 newborn infants had 
a murmur, which was systolic in time. This ab- 
sence of murmurs is comparable to the findings of 
Lyon, Rauh, and Stirling (42), who found mur- 
murs in only a small percentage of newborn in- 
fants. A few of their cases showed at 24 hours 
of age a murmur which disappeared in a few days. 
We can make the same conclusion that they did, 
“that the remnants of fetal circulation rarely 
produce cardiac murmurs.” 


SUMMARY 


1. Hand-foot oxygen saturations have been de- 
termined in 60 infants from 40 minutes to 11 
months after birth. In a majority of infants under 
three hours of age, and in many infants under 
three days of age, the foot saturations are signifi- 
cantly lower than hand saturations. 

2. Hypoxia will increase or re-establish the 
hand-foot oxygen saturation difference in infants 
up to 15 hours of age who have minimal initial 
hand-foot differences. 

3. The following implications have been drawn 
from these studies: 


(a) The ductus arteriosus may be open in the 
newborn human infant. 

(b) Under these circumstances it is the site of 
a veno-arterial shunt of considerable magnitude 
which persists in a significant number of infants 
up to 72 hours of life. 
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(c) A high pulmonary artery pressure is pres- 
ent at birth and persists as long as the veno-arterial 
ductal shunt exists. 

(d) The cessation of the veno-arterial ductal 
shunt is probably due to a fall in pulmonary ar- 
tery pressure below the pressure in the aorta, 
rather than to an actual closure of the ductus. 

(e) Studies of newborn blood gases, in which 
heel blood has been used, are not representative 
of true arterial blood since an admixture of venous 
blood from the ductus may be present. 

(f{) Heart murmurs are rarely heard in the 
newborn in spite of the early physiologic patency 
of the ductus arteriosus. 
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Sixty years ago Gabriel demonstrated the pres- 
ence of substantial amounts of sodium in the 
chloride-free residue of bone which had been ex- 
tracted with alkaline glycol solutions (1). In 
1936, Harrison, Darrow, and Yannet (2) de- 
fined “extra” bone sodium as that present in ex- 
cess of the amount predictable from chloride con- 
tent and suggested that at least 25 per cent of the 
total body sodium content might be bound chemi- 
cally to bone salt. Subsequently, Kaltreider, 
Meneely, Allen, and Bale (3), Forbes and Perley 
(4), Stern, Cole, Bass, and Overman (5), and 
Edelman, James, Baden, and Moore (6) have 
shown that 30 to 40 per cent of bone sodium is ex- 
changeable with circulating radiosodium within 24 
hours. These workers have confirmed the earlier 
impressions of Harrison, Darrow, and Yannet by 
finding approximately one-third of total body 
sodium to be in the skeleton. 

Reduction of bone sodium during acute acidosis 
has been demonstrated in dogs by Nichols and 
Nichols (7) and in rats by Bergstrom and Wallace 
(8). The former found an average decrease of 
18.6 mEq. of sodium per kilogram of wet fat-free 
bone in dogs after four hours of sodium depletion 
by means of hemodialysis. Rats depleted of so- 
dium and made acidotic by intraperitoneal dialysis 
against ammonium chloride solutions lost 42 mEq. 
of sodium per kilogram of wet bone within 48 
hours. This represents 28 per cent of the total 
extra bone sodium and corresponds closely in 
magnitude to the fraction shown previously to be 
exchangeable with circulating radioisotope. 

Darrow, Schwartz, Iannucci, and Coville (9), 
Cotlove, Holliday, Schwartz, and Wallace (10), 
and others have indicated that intracellular sodium 
may undergo wide fluctuations around its normal 

1 This investigation was supported in part by a grant 
(A-361) from the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, 


Public Health Service. 
2 Markle Scholar in Medical Science. 


value of 9 to 10 mEq. per liter of muscle cell water. 
Concentrations of 1 mEq. per liter in acidosis and 
of 22 mEq. per liter in alkalosis are reported. 
Apparently sodium exists in the body in at least 
three phases: extracellular fluid, intracellular fluid, 
and bone salt. All participate in sodium metabo- 
lism, though bone sodium may consist of accessible 
and inaccessible fractions. 

The work to be reported here concerns the fol- 
lowing: 1) What proportion of total sodium loss 
in acute acidosis and sodium depletion is borne 
by bone sodium? 2) Is bone sodium content di- 
minished by acidosis without large loss of so- 
dium, i.e., can changes in body fluid pH affect the 
pattern of bone electrolyte? 3) Can the fraction 
of bone sodium removed be increased by repeated 
depletion procedures? 4) During recovery from 
acidosis, what proportion of the sodium retained 
is deposited in the skeleton? 


EXPERIMENTAL PROCEDURE 


Six groups of adult male albino rats were used. 

Group 1 (20 animals). Control rats were maintained on 
a diet of dog chow and water ad lib. At the time of 
sacrifice samples of bone and blood were taken for analy- 
sis as described below. Fourteen carcasses were then 
dried at 105°C., defatted, and analyzed for sodium, cal- 
cium, and chloride. 

Group 2 (7 animals). These were depleted of sodium 
and made acidotic by transperitoneal dialysis against am- 
monium chloride. Each rat received intraperitoneally 10 
per cent of its body weight of a solution containing 90 
millimoles of ammonium chloride and 50 grams of glucose 
per liter. After a four-hour equilibration period the 
peritoneal fluid was withdrawn and analyzed for sodium. 
Approximately 25 per cent of the estimated total body 
sodium content is removed by this procedure (8). The 
animals were then allowed water but fasted for 48 hours 
prior to sacrifice. The total urinary output of four ani- 
mals was collected during the 48-hour post-dialysis pe- 
riod and analyzed for sodium. The sampling procedure 
was that used for Group 1. 

Group 3 (12 animals). After a 12-day control period 
on chow and water, eight animals in this group were 
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given acetazoleamide (Diamox®)* in a concentration of 
666 mg. per liter in their drinking water. The remain- 
ing four animals were continued on tap water. All were 
weighed daily throughout the experiment. Serum pH 
was measured in both control and experimental rats be- 
fore and during treatment. After sixteen days of drug 
administration the rats were killed and sampled as 
above. 

Group 4 (6 animals). These were given acetazoleamide 
as in Group 3. After 13 days of treatment they were 
subjected to dialysis as in Group 2. A 48-hour period of 
fasting preceded sampling. Blood and bone samples only 
were analyzed in this group. 

Group 5 (7 animals). These were subjected to the 
same depletion procedure as Group 2. At the conclusion 
of the 48-hour fast they received 200 ml. per kilo of body 
weight of a solution containing 150 mEq. of Na, 100 mEq. 
of Cl, and 50 mEq. of HCO, per liter. This was given 
intraperitoneally in two doses ten hours apart. After 
24 hours of “repair” (72 hours after dialysis) the rats 
were killed and sampled. 

Group 6 (9 animals). These were depleted as in 
Group 2. After the 48-hour post-dialysis period they 
were allowed chow and water ad lib. They were sacri- 
ficed five days later when they had regained 86 per cent 
of the weight lost after dialysis. 


CHEMICAL METHODS 


A. Serum: 1) Water was determined by the use of 


micropycnometers (10). 2) Sodium was measured by 
internal standard flame photometry (11). 3) Chloride 
was measured by the iodometric method of Van Slyke 
and Hiller (12). 4) Serum pH was determined at 38°C. 
with the bicolor standards of Hastings and Sendroy (13). 

B. Carcass: 1) The method of preparation was that 
of Schwartz, Cohen, and Wallace (14), except that the 
animals were not exsanguinated; only small samples (2 
to 3 ml.) of blood were taken. 2) Total body water was 
measured as weight lost after drying to constant weight 
at 105°C. 3) Fat was determined by extracting the dry 
material with several changes of a mixture of ethyl and 
petroleum ether and re-weighing. 4) Chloride was meas- 
ured by back titration of excess silver after the dry fat- 
free material had been soaked for 24 hours in a measured 
excess of silver nitrate and dissolved and digested in 
nitric acid (14). 5) Calcium was precipitated as oxa- 
late which was then titrated with permanganate. 6) So- 
dium was measured by internal standard flame photometry 
after removal of calcium by oxalate precipitation. Three 
successive recrystallizations of calcium oxalate were car- 
ried out in order to recover co-precipitated and ad- 
sorbed sodium (8). 

C. Bone: The method of analysis has been presented 
in detail elsewhere (8). Samples included all of the long 
bones in most cases. In some instances only femora and 
tibiae were taken for analysis. No difference in re- 
sults was seen. 1) Water was measured as weight loss 


3 This drug was kindly supplied by Drs. T. H. Maren 
and J. M. Ruegsegger of Lederle Laboratories. 
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after drying at 105°C. The bones were then ground to 
a fine powder and aliquots taken for subsequent analyses. 
2) Chlorides were measured by an adaptation of Sun- 
derman and Williams’ method (15) to semi-micro quan- 
tities. 3) Sodium was determined by internal standard 
flame photometry on aliquots ashed and dissolved in ni- 
tric acid. Calcium separation was carried out as de- 
scribed above prior to flaming. 4) Calcium was titrated 
as oxalate with permanganate. 


CALCULATIONS 


The concentrations of sodium and chloride in extra- 
cellular water were calculated from measurements of 
serum sodium, chloride, and water using Donnan’s factors 
(Cleew = 1.02 X Cleoram B20 ; Naeew = 0.95 x Naserum n20). 
Bone chloride was multiplied by the ratio Naeew/Cleew 
to give the amount of bone sodium predictable from ex- 
tracellular water content as defined by chloride. This 
was subtracted from total bone sodium (Nar) to give 
“extra” bone sodium (Na-.) as originally defined by 
Harrison, Darrow, and Yannet (2). The ratio of ex- 
tra bone sodium to calcium was then calculated. Total 
body calcium content was multiplied by the ratio Na-/Ca 
to give the extra bone sodium content of the whole body. 
The assumption was made that the amount of non- 
skeletal calcium measured in total calcium was negligible. 

The volume of distribution of extracellular sodium, 
(H:Ox.), was derived by subtracting intracellular and 
bone sodium from total sodium content and dividing the 
remainder by the sodium concentration of extracellular 
water. Intracellular sodium was approximated by using 
the data of Cotlove, Holliday, Schwartz, and Wallace for 
muscle sodium in normal and acidotic rats (10), assum- 
ing a muscle mass equal to 40 per cent of body weight. 
Neglecting intracellular Na in tissues other than muscle 
introduces a source of error which makes the value for 
extracellular Na an estimate rather than a precise quan- 
tity. 

The concentrations of chloride in red cell water and in 
collagen water differ from that in extracellular water, 
and the necessity of correcting the apparent chloride 
space for these two factors has been stated by Harrison, 
Darrow, and Yannet (2) and by Nichols, Nichols, Weil, 
and Wallace (16). According to Bernstein (17), the 
chloride concentration of rat erythrocyte water is 82 
mEq. per L. If blood volume is assumed to be 10 per 
cent of body weight, hematocrit 50 per cent, and red cell 
water 720 ml. per Kg. of cells, erythrocyte chloride 
equals 0.100 x .50 X .72 X 82=3 mEq. per Kg. body weight. 
Nichols, Nichols, Weil, and Wallace (16), using the 
total body collagen data of Lightfoot and Coolidge (18), 
and analyses of tendon for water and collagen, calculated 
that 77 ml. of water per Kg. of body weight is associated 
with collagen and elastin. In this phase they found an 
average chloride concentration of 129 mEq. per L., which 
is 12 mEq. per L. greater than that calculated for extra- 
cellular water not so associated. The correction intro- 
duced amounts to 0.077 X 12=0.9 mEq. per Kg. body 
weight. The sum of both corrections (3 plus 0.9 = 3.9) 
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TABLE I 


Average changes following intraperitoneal dialysis (seven rats) 





Body Weight 


Sodium 






































was subtracted from total chloride content before cal- 
culating the volume of distribution. 


RESULTS 
1. Acute sodium depletion and acidosis 


Table I shows the average weight loss follow- 
ing dialysis in Group 2 and the amount of sodium 
removed as determined by analysis of the dialysate. 
Sodium withdrawn is expressed as per cent of 
total body content, calculated from original body 
weight and average normal sodium content (Table 
II). The total urinary sodium output during 48 
hours was less than 1 mEq. per kilo of body weight 
per day. There was no change in serum sodium 
concentration or in sodium content in mEq. per 
kilo of final body weight (Table II). The ratio of 
sodium to calcium in bone was 0.016 as compared 
to 0.021 in control animals (Table III). 

From body composition after dialysis and per 
cent of weight lost it is possible to calculate the 
amount of sodium lost per kilogram of original 
body weight. Table IV shows the total loss so 
calculated and the contribution of each phase. 


The results are shown as mEq. per Kg. before 
and after dialysis and as mEq. per 800 gm. The 
latter notation indicates the loss sustained by each 
original Kg. after a 20 per cent weight loss. The 
average total extra bone sodium content of 14 nor- 
mal rats was 11.2 mEq. per Kg. fat-free wet 
weight (Total calcium = 546 mEq. per Kg.; 
Na,/Ca ratio = .0206). In seven dialyzed rats 
total calcium was 633 mEq. per Kg. and Na,/Ca 
was .0163. Total extra bone sodium was there- 
fore 10.3 mEq. per Kg. Since body weight after 
dialysis was 0.8 X original weight (Table I) the 
decrease in extra bone sodium was 11.2 — (10.3 x 
8) = 3.0 mEq. per original Kg. This represents 
28 per cent of the total sodium loss of 10.8 mEq. 
per Kg. 

Values for the intracellular phase were calcu- 
lated from the muscle data of Cotlove, Holliday, 
Schwartz, and Wallace for rats subjected to an 
identical depletion procedure (10). These work- 
ers found that the intracellular sodium content of 
muscle after dialysis was 0.6 mEq. per Kg. of 
muscle as compared to 6.0 mEq. per Kg. in con- 


TABLE II 
Body composition in control, dialyzed, and repaired rats 
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TABLE III 
Bone composition 





mEq/Kg. wet veight 
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trol rats. If muscle mass is assumed to equal 40 


per cent of body weight originally, intracellular 
sodium loss per Kg. will equal .4 x (6.0 — 0.6) = 
2.2 mEq. The error introduced by decrease in 
muscle mass during weight loss will be small since 
the intracellular sodium of post-dialysis muscle 


is minimal. The loss sustained by extracellular 
fluid may be estimated as total Na loss—(bone 
loss + intracellular loss). 

The total loss by analysis, 10.7 mEq. per origi- 


nal kilogram, is 20.5 per cent of the original con- 
tent, a figure which agrees well with the meas- 
ured removal of 22 per cent indicated in Table I. 
Fifty-two per cent of the total loss was sustained 
by extracellular sodium, 28 per cent by bone so- 
dium, and 20 per cent by intracellular sodium. 


2. Acetazoleamide treatment 


Figure 1 shows the changes in body weight, 
growth rate, and serum pH observed during the 


TABLE IV 
Distribution of sodium in control and depleted rats 





Control 


Depleted 


at ta. 
Loss 
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33.5 














"Calculated from data of Cotlove et al. 
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administration of acetazoleamide (Diamox®). 
After an initial weight loss, growth rate equalled 
that of the controls, although serum pH was de- 
pressed throughout the experimental period. 
Total body composition (Table II) did not differ 
significantly from that of control animals. Bone 
sodium to calcium ratio (Table III) was .0150, 
or 71 per cent of the normal value of .0206 (p= 
01). 


3. Acetazoleamide plus dialysis 


Dialysis of rats pre-treated with acetazoleamide 
for 13 days (Group 4) resulted in the removal of 
29 per cent of calculated total body sodium con- 
tent. Bone analysis after 48 hours showed a so- 
dium to calcium ratio of .0174 as compared to 
.0163 for rats dialyzed without pre-treatment and 
.0150 for rats treated with acetazoleamide without 
dialysis. There was apparently no further loss 
of bone sodium following dialysis in rats whose 
bone sodium to calcium ratio had previously been 
reduced by acetazoleamide. 


4. Parenteral repair 


Table II shows the body composition of rats 
treated with parenteral sodium-containing fluid 
after dialysis. Total sodium was significantly in- 


creased (59 mEq. per Kg.) over that found fol- 
lowing dialysis and in normal controls. None of 
the sodium increment could be assigned to the 
skeletal phase, since bone sodium to calcium ratio 
was .0136. This is lower than the ratio found in 
depleted animals (.0163) but the difference is not 
statistically significant (p = .05). 


5. Oral repair 


After five days of recovery on a normal diet, 
the rats in Group 6 had regained 86 per cent of 
their post-dialysis weight loss and were growing 
at the same rate as controls. Their bone compo- 
sition (Table III) was not significantly different 
from that of Group 2 animals sacrificed immedi- 
ately after depletion. There was apparently no 
sequestration of sodium in bone during the re- 
covery period. 


DISCUSSION 


Intraperitoneal dialysis against ammonium 
chloride with subsequent removal of peritoneal 
fluid causes both sodium depletion and acidosis. 
Significant decreases in serum pH and CO, con- 
tent have been previously reported (8). Three 
phases contributed to the total sodium loss (Table 
IV): 
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A. Muscle cell water, which originally con- 
tained approximately 5 per cent of total body so- 
dium, lost 20 per cent of the sodium removed by 
dialysis. 

B. Extra bone sodium, comprising 21 per cent 
of normal total sodium content, contributed 28 
per cent of the loss. 

C. Extracellular sodium makes up 74 per cent 
of total body sodium in rats of the age used. 
Fifty-two per cent of the sodium loss was con- 
tributed by this phase. 


The volume of distribution of extracellular so- 
dium, (H,Oy,), calculated as explained above, 
was 251 ml. per Kg. of fat-free body weight in 
control rats and 274 ml. in dialyzed rats. Al- 
lowing for 20 per cent weight loss, the decrement 
in H,Oy, was therefore 251 — (.8 X 274) = 32 
ml. per original Kg. 

If the entire sodium loss of 10.8 mEq. per Kg. 
had been sustained by extracellular sodium, a de- 
crease of approximately 60 ml. or 24 per cent 
would have been necessary to preserve normal 
sodium concentration in extracellular fluid follow- 
ing dialysis. 

The volume of distribution of chloride (H,O«g, 
corrected for red cell and collagen water as ex- 
plained above) is compared with H,Ox, in Table 
II. H,Oq exceeds H,Oy, in both normal and 
dialyzed animals. Since the methods for esti- 
mating both phases are indirect and involve sev- 
eral steps (see “Calculations” above), no signifi- 
cance can be assigned to the difference. The dis- 
crepancy is greater in the dialyzed animals, which 
may be due to the fact that dialysis against am- 
monium chloride caused a greater loss of sodium 
than of chloride. 

Weight loss (20 per cent) and sodium loss (21 
per cent) were nearly identical after dialysis. 
This implies a proportionate reduction of body 
mass during the 48-hour post-dialysis fast. Since 
the composition of weight loss during fasting 
varies with the length of the fast, the close agree- 
ment between loss of sodium and loss of weight 
seen in these experiments must be coincidental. 

Since both acidosis and sodium depletion fol- 
lowed dialysis, the relative importance of each in 
bone sodium mobilization is not indicated. The 
chemical relationship of sodium to the apatite 
crystal structure of bone has not been precisely 
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defined. However, the data of Neuman and his 
associates afford a clue (19). Their studies indi- 
cate that bone carbonate may be linked to calcium 
by a single bond, the other carbonate valence be- 
ing occupied by a monovalent cation such as so- 
dium or potassium. In experiments performed by 
the present author (20), losses of bone sodium 
and potassium during acute acidosis in rats were 
compared to simultaneous changes in bone car- 
bonate. The ratios calculated agreed with the hy- 
pothesis that sodium and potassium are present in 
bone as double salts of carbonate having the for- 
mula Ca—O—COO—Na (K). Parallel increases 
in sodium and carbonate observed with ageing 
(8) are also consistent with the association sug- 
gested. It appears likely that such carbonate salts 
would be vulnerable to changes in pH of the 
surrounding extracellular fluid, and that sodium 
might be liberated during acidosis (as NaHCO,) 
whether there were net loss of sodium from the 
body or not. 

The work with Na** mentioned above (3-6) 
has shown that a fraction of bone sodium (approx- 
imately 30 per cent) is in equilibrium with cir- 
culating radiosodium. Rapid dialysis might cause 
a shift of this fraction by reducing the sodium 
concentration of extracellular fluid. However, 
exchangeable sodium is apparently entirely re- 
moved by peritoneal dialysis against ammonium 
chloride, while the sodium concentration of extra- 
cellular fluid is reduced slightly if at all (8, 10). 
This suggests that the concomitant acidosis may be 
of crucial importance in the mobilization of bone 
sodium. 

The imposition of direct acid loads in the rat 
has had varying results. Irving and Chute (21) 
found a reduction in bone carbonate following 
acute oral HCI loads. Burns (22) reported that 
prolonged feeding of 0.1 normal HCI (12 to 100 
ml. per rat per day) had no effect on bone car- 
bonate. Neither of these studies included meas- 
urements of serum pH. Ingalls, Donaldson, and 
Albright (23) observed demineralization of bone 
in nephrectomized rats given HCl, but their re- 
port includes no chemical analyses. 

Acetazoleamide, (Diamox®), a substituted sul- 
fonamide, is known to inhibit carbonic anhydrase 
activity. It increases urinary excretion of so- 
dium and potassium, presumably by interfering 
with tubular exchange of hydrogen for other 
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cations. Continuous administration results in re- 
turn of the normal urinary electrolyte pattern 
with persistent depression of carbonic anhydrase 
activity and serum pH (24-26). The initial diu- 
resis causes an average net sodium loss of 5 mEq. 
per Kg. in the rat; sodium balance becomes posi- 
tive within 24 to 48 hours (26). The decrease in 
bone sodium and sodium to calcium ratio found 
in Group 3 after acetazoleamide treatment was 
equal to that seen after dialysis (Table III), al- 
though the net sodium loss was much less (5 as 
compared to 10.8 mEq. per kilo). These results 
suggest that acidosis per se may be essential to the 
removal of bone sodium. 

When acetazoleamide was followed by dialysis, 
no further decrease in bone sodium or sodium/ 
calcium ratio occurred. The remainder (71 per 
cent of the control value) was apparently not 
available to the total body sodium economy. The 
lability of 29 per cent of total extra bone sodium 
indicated here is in close agreement with previous 
findings discussed above. 

The exchangeability of bone sodium with cir- 
culating radiosodium and its availability in aci- 


dosis and sodium depletion suggest the possibility 
of sequestration of this cation in bone during re- 


covery from acidosis. Such storage would in- 
fluence interpretation of sodium balance during 
treatment of diarrhea, diabetic acidosis, and other 
disorders involving electrolyte loss. Darrow (27) 
has shown that more sodium may be retained 
during therapy for diarrhea than can be accounted 
for by measured extracellular increments. Gamble 
and his associates have found similar results fol- 
lowing sodium loads in normal infants (28). In 
the present study neither parenteral nor oral re- 
pair of depleted animals caused significant eleva- 
tion of bone sodium (Table III). In the former 
instance an increment of total body sodium was 
measured; in the latter it was inferred from re- 
covery of the weight lost during depletion (Table 
II). Apparently little or none of the sodium re- 
tention observed during recovery from acidosis 
can be assigned to the skeletal phase. It has been 
mentioned above that bone sodium is probably 
mobilized according to the equation Ca—O—C— 
OO—Na + H-Anion — Ca-Anion + NaHCOQ,. 
The anion involved has not been identified. The 
composition of bone salt and body fluid both sug- 
gest phosphate as a possibility. If so, the calcium 
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valences formerly occupied by —O—C—OO—Na 
would no longer be available to sodium, and resti- 
tution of normal bone sodium content would be 
delayed until the surface of the apatite crystals 
of bone had undergone either growth or re-ar- 
rangement. This hypothesis may explain the one- 
way movement of bone sodium in relatively acute 
situations. 


SUMMARY AND CONCLUSIONS 


1. Sodium loss following intraperitoneal dialy- 
sis against ammonium chloride is shared by ex- 
tracellular sodium (52 per cent), intracellular so- 
dium (20 per cent) and bone sodium (28 per 
cent). 

2. The production of acidosis without large or 
sustained sodium loss results in a decrement of 
bone sodium as great as that seen after sodium de- 
pletion. 

3. Only 29 per cent of bone sodium content can 
be mobilized by any procedure studied thus far. 

4. No sodium is deposited in the skeleton of 
the rat following either oral or parenteral repair 
of acidosis and sodium depletion within the pe- 
riod studied (five days). 
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In pulmonary emphysema normal respiratory 
mechanisms become distorted almost beyond rec- 
ognition, and familiar landmarks such as “dead 
space,” “alveolar gas” and “effective ventilation” 
virtually disappear. At the same time, these very 
distortions have served as a stimulus for studies 
which have led to a greater understanding of the 
problems of distribution of ventilation, and of 
blood flow within the lungs. 

In attempting to study the mechanics of breath- 
ing in emphysema, the authors have also found 
that concepts based on the behavior of normal 
lungs are inadequate to account for their observa- 
tions. This has led to a consideration of the in- 
fluence of local mechanical factors on the over-all 
mechanical properties of the lungs. Since these 


considerations are also pertinent to problems of 
the distribution of gas flow within the lungs, and 
possibly also to the pathogenesis of emphysema, 
they will be emphasized in this report. The de- 
tails of the theoretical treatment will appear else- 
where. 


METHODS 


Ten patients with advanced pulmonary emphysema and 
ten normal individuals have been studied. Details of the 
methods have been reported elsewhere (1). 


Methods of measurement 


Rates of flow were recorded at the mouth with a Silver- 
man pneumotachograph screen connected to a manometer. 
Volume changes were measured by electrical integration 
of the rate of flow signal coming from the pneumotacho- 
graph manometer. This method of recording rates of 
gas flow and volume changes has the advantages of ex- 
cellent response characteristics and of imposing a negligi- 
ble external resistance. It has the disadvantage that 
volume changes occurring over a period greater than 
fifteen seconds cannot be recorded accurately because of 
the limitations imposed by the integrator. For such 
slow volume changes a recording spirometer was used. 


1 Aided by a research grant from the National Tuber- 
culosis Association. 


As a measure of transpulmonary pressures the pressure 
difference between the mouth and a point within the lower 
third of the esophagus was recorded. The intra-esopha- 
geal pressure was transmitted to one side of a differential 
manometer by means of an air-filled polyethylene tube 
64 cm. in length, 1 mm. in internal diameter, with eight 
to ten spirally arranged holes in the catheter wall at the 
distal end. A thin-walled rubber balloon with a volume 
of 1.5 ml. undistended and 3.2 cm. in length was sealed 
to the catheter and enclosed the openings. The other 
side of the manometer membrane was connected to the 
mouthpiece chamber by pressure tubing. The catheter 
was passed through the nose and was readily swallowed. 
The air volume of the balloon during recording was 
0.5 to 1.0 ml. The flow rates, volumes and pressures 
were recorded simultaneously on a direct-writing oscil- 
lograph. 

The pressure difference existing at any instant between 
the mouth and the surface of the lungs depends on the 
elastic recoil of the lungs and the flow-resistance of the 
airways and lung tissue. The elastic component of 
pressure increases as the lungs are inflated, and the re- 
lationship of lung volume change to the corresponding 
elastic pressure change serves as a measure of the lungs’ 
elastic properties. The flow-resistive component of pres- 
sure depends on the rate at which the lungs are changing 
volume, and the relationship of this component to the 
simultaneous rate of volume change of the lungs serves 
as a measure of the lung and airway flow-resistive prop- 
erties. 

In analyzing the simultaneous recordings of volumes, 
rates of flow, and pressures in order to obtain informa- 
tion about the mechanical properties of the lungs, the 
principal step is the separation of the total pressure into 
its elastic and flow-resistive components. This separa- 
tion may be obtained by graphic means from measure- 
ments of the Poly-Viso tracing.2 This tedious proce- 
dure may be avoided, however, by using a cathode-ray 
oscilloscope to plot the variables. 

Two types of patterns were produced on the oscillo- 
scope face. In one (Figure 1A) volume changes ap- 
peared on the “Y” axis and the mouth-to-esophagus pres- 
sure difference on the “X” axis. In this instance the 
respiratory cycles appeared as loops. At the instants of 
flow reversal at the “top” and “bottom” of the loops the 
flow-resistive component of pressure was zero and only 
the elastic component remained. The slope of a line 


2 Sanborn Company, Cambridge, Massachusetts. 
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drawn through the volume extremes of a loop therefore 
expressed the ratio of volume change to elastic pressure 
change. Expressed in liters per cm. of water this slope 
defined the compliance of the lungs for that particular 
breath. (The inverse of compliance is elastance). 

A second pattern was used to measure the flow-re- 
sistance of the lungs (Figure 1B). In this instance the 
rate of air flow appeared on the “Y” axis and the flow- 
resistive component on the “X” axis. The latter quan- 
tity was obtained by first registering the total mouth-to- 
esophagus pressure difference on the “X” axis as before. 
Again a loop was produced with each respiratory cycle. 
By then applying the volume variation to the “X” axis 
so as to be subtracted electrically from the total pressure 
variation, the loop could be caused to “close” at the “X” 
axis. In effect, this subtracted from the total pressure 
variation just the elastic component, and the remainder 
represented the flow-resistive component. The pattern 
then produced showed the relationship between the rate 
of flow and the pressure producing this flow at every in- 
stant during the respiratory cycle. The flow-resistance 
at any instant was expressed by the ratio of pressure to 


SLOPEY cc IN Shp 
ap H 


EXAMPLES OF THE Two Types oF Patterns Os- 
TAINED WITH THE OSCILLOSCOPE 


For a description of these patterns see the text. 


Fic. 1. 


8 This procedure is based on the following relation- 
ship. The total pressure is the algebraic sum of its 
elastic and flow resistance components. In the range of 
the resting tidal volume the elastic component is linearly 
related to change in volume (1-3). Therefore the change 
in volume multiplied by the proper constant equals the 
elastic component. The volume gain control on the “X” 
axis represents this constant. By adjusting this control 
various constants can be selected. The proper constant 
is obtained when the loop is closed. This follows from 
the fact that the flow-resistive pressure must be zero 
when flow is zero. Thus, as the flow passes through 
zero, it must intersect the “X” axis at the same point 
both at end inspiration and end expiration, closing the 
loop at the “X” axis. 
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simultaneous flow rate in cm. of water per liter per 
second. 

Tracings of the oscilloscope patterns were obtained 
in pencil by means of an indirect viewer. In instances 
where the “fatness” of the pressure-volume loops made 
accurate measurement of the points of minimum and 
maximum volume impossible, measurements were made 
directly from the Poly-Viso tracings obtained at high 
paper speeds (50 mm. per second). 


Experimental procedure 


Subjects were studied in the sitting position. The 
balloon was passed to the lower third of the esophagus. 
A nose clip was applied and the subject was instructed to 
breathe with the lips held firmly around the mouthpiece 
(2.5 cm. internal diameter). 

Tracings were obtained during quiet breathing and 
during a variety of specific maneuvers which will be 
described with the results. 

Tables I and II present pertinent clinical findings and 
the results of a number of conventional pulmonary func- 
tion studies for the group of patients. Table III describes 
the normal group. The age range of the ten normal men 
was from 32 to 57; the average age was ten years less 
than that of the patient group. 

Clinically, the patients represented a fairly homogene- 
ous group. Their ages ranged from 29 to 69 years and 
all were men. Six patients had either a long history of 
bronchial asthma or repeated pulmonary infections; 
bronchiectasis was present in one. Dyspnea was always 
the chief complaint; in about one-half it was present at 
rest, and the other patients were short of breath on 
slightest exertion. Physical examination, chest roentgeno- 
grams and fluoroscopic observation invariably showed 
evidence of severe pulmonary emphysema. None of the 
patients was considered to have cor pulmonale, and 
none had an enlarged liver, ascites, or edema. The re- 
sults of the conventional pulmonary function studies were 
consistent with the diagnoses of severe pulmonary emphy- 
sema in every instance. 


RESULTS 
Quiet breathing 


Figure 2 shows a typical tracing of the mouth- 
to-esophagus pressure difference, rate of flow, and 
volume change during quiet breathing in a patient 
with emphysema. A similar tracing from a nor- 
mal subject is shown for comparison. 

Although the tidal volumes and breathing fre- 
quencies in the two instances are nearly the same, 
the breathing patterns are strikingly different. 
Prolonged expirations and obliteration of coarse 
irregularities in the flow patterns were common 


* Oscillotracer, Robert A. Waters, Inc., Waltham, Mas- 
sachusetts. 
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TABLE III 
Age, height, and body surface area of ten normals 








Ht. 





cm. 
173 
162 
163 
162 
183 
187 
179 
166 
187 
189 


= “100 — an 





to all of the patients studied. The relatively large 
amplitude of the pressure variation was also 
characteristic. 

Figure 3A shows the volume-pressure tracings 
for the cycles shown in Figure 2. The compliance 
of the lungs is about the same in the two cases. 
(The zero flow pressure at end-inspiration was 
obtained from the tracings, Figure 2.) The “fat- 
ness” of the loop is much greater in the patient 
with emphysema. This is due to the increased re- 
sistance and is shown more clearly in Figure 3B in 
which the flow-resistive pressure difference is on 
the abscissa and the rate of flow on the ordinate. 
In this graph inspiration and expiration both start 
and end at the origin. During inspiration the rela- 
tionship of flow to pressure is the same for the in- 


_ ’ 
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creasing and decreasing phases of flow rate result- 
ing in single curved lines. This is also the case 
during expiration in the normal, but the patient’s 
expiration describes a loop. As stated above, pul- 
monary flow-resistance may be expressed as the 
pressure necessary to produce a given rate of flow. 
Early in expiration, the patient accomplishes a flow 
of 0.2 liters per second at the cost of a little more 
than 2 cm. of water pressure. Later, the same 
flow costs more than three times this pressure. 
This increase in expiratory resistance is plotted 
against time (Figure 3C). Here ratios of re- 
sistive pressure to flow are plotted at intervals 
during the respiratory cycle. At all times the 
pulmonary flow resistance of the patient is much 
greater than normal, and during expiration it be- 
comes thirty times as great. 

A summary of results for all of the patients and 
normal subjects during quiet breathing is shown in 
Table IV. The compliance values in all cases are 
the mean of at least five separate measurements. 
The resistance values represent the highest val- 
ues measured during inspiration and expiration, 
corresponding to the “peaks” in Figure 3C. 

The compliances of four of the patients are be- 
low the normal range, while only one lies above. 
The average compliance in the patients is some- 
what less than in the normal individuals, suggest- 
ing that the patients’ lungs tended to be somewhat 


EMPHYSEMA 


is 


GLH \r 


VOLUME FLOW | RATE 


Fic. 2. Typrcat Tracincs DuriInG Quiet BREATHING IN A NoRMAL SUBJECT AND A PATIENT 
witH PuLMonary EMPHYSEMA 


The dotted line on the pressure tracing on the right represents the calculated elastic compo- 


nent of pressure change. 
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Fic. 3. THREE REPRESENTATIONS OF THE DATA SHOWN IN FicureE 2. A. PressurE-VoLUME GRAPHS FROM WHICH 


PuLMONARY COMPLIANCE MAY BE MEASURED. 
FLtow REsIstANcE May Bre MEASURED. 
SPIRATORY CYCLE 


less compliant than normal during quiet breathing. 

The differences in flow resistances between the 
groups are more marked. The patients have in- 
creased inspiratory flow resistance. No consistent 
difference in inspiratory and expiratory resistance 
was found in the normals. In contrast, the great- 
est expiratory resistance was invariably larger 


B. ResistivE PressurE-FLow GRAPHS FROM WHICH PULMONARY 
C. GrapHs or PutmMonary FLow RESISTANCE CHANGES DuRING THE ReE- 


than the greatest inspiratory resistance in the 
patients. 


Pulmonary resistance during voluntary hyper- 
ventilation 


Greater differences between the two groups 
were brought out during hyperventilation. Fig- 
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ure 4A shows typical graphs of resistances for a TABLE IV 
normal volunteer (dotted line) and a patient ?u/monary compliance and resistance during quiet breathing 
(solid line) during a maximally rapid inspiration 
followed by a maximally rapid expiration. For i Com- Greabest Greabiet 
comparison, the entire area covered by Figure Sens eee as aoe 
3B showing the resistance during quiet breathing ane nae gerry ergs 
is indicated as a rectangle around the origin. The 1 0.21 4 (1. 
normal subject can produce far greater rates of 
flow. During a maximally rapid expiration the 
normal tracing has the same general configuration 
as the patient’s. 2 
Figure 4B shows flow resistance plotted against 
time (compare with Figure 3C). Both the nor- 
mal subject and the patient have marked increases 
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“se. of pulmonary flow resistance during expiration. 
This is in contrast to quiet respiration when only 
the patient showed this. The tremendous in- 
crease in expiratory resistance in the patient may 
be appreciated by considering the observed flows 
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Fic. 4. A. ReststrvE Pressure-Flow GrapHs DurInG MAXIMALLY 
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TABLE V 


Pulmonary resistance during maximally rapid expirations 








Cm. H:0/L./sec. 


98 
139 
300 
122 
210 
330 
300 
480 


Patient 








Mean 247 





and pressures at the time of maximal resistance. 
While applying a pressure difference of more 
than 80 cm. of water to his lungs and airway the 
rate of flow was only 0.5 liter or of the order of 
magnitude encountered during normal resting 
expiration where the resistive pressure would be 
less than 1 cm. of water in normal individuals. 
Table V shows the peak pulmonary flow-re- 
sistance values during maximally rapid expirations 
in eight patients. The rapid expirations were 
produced following maximally deep inspirations. 
The average increase from the resting values was 
ten-fold. Pulmonary resistance during maximally 
rapid inspirations was approximately the same as 
during quiet breathing. In the normals, expira- 
tory pulmonary resistance increased to values 
ranging from 10 to 30 cm. of water per liter per 
second. This represented a marked increase from 
resting levels, but the absolute increase was ap- 
proximately one-tenth that seen in the patients. 


Pulmonary compliance at different breathing rates 


Alteration in the breathing rate produced 
marked changes in the apparent elastic behavior 
of the patient’s lungs. This was first noted dur- 
ing the following procedure: the patients produced 
tidal volumes of from 0.2 to 1.0 liter, first as 
slowly as possible and then with increasing fre- 
quency up to maximally rapid rates. At high 
breathing frequencies the rate of change of intra- 
esophageal pressure is high at the extremes of the 
tidal volume, and a valid measurement of the pres- 
sures at the instants of zero air flow is possible 
only if the pressure and flow recording systems 
are capable of reproducing precisely the timing 
and magnitude of the pressure and flow events. 
Although the response characteristics of the two 
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systems were sufficient to reproduce accurately 
sine waves of flow and pressure change at fre- 
quencies far greater than the peak breathing fre- 
quency observed, an additional check was made on 
an artificial system in which the wave forms en- 
countered in rapid breathing could be more ac- 
curately reproduced. A flow resistance, consist- 
ing of a small pneumotachograph screen was 
placed in the mouthpiece assembly. The pressure 
drop across this resistance was measured with 
the esophageal balloon and the flow through the 
resistance with the pneumotachograph. No phase 
differences between pressure and flow could be 
demonstrated while breathing through this system 
at frequencies more than twice the maximal fre- 
quency observed in the patients. In the patients, 
pulmonary compliance progressively decreased as 
breathing frequency increased. In normal sub- 
jects no such alterations of compliance are ob- 
served (4). Table VI presents pulmonary com- 
pliance values obtained during quiet breathing and 
during maximally rapid breathing for the eight 
patients who performed this maneuver. It was 
not possible to control the patients’ respiratory 
mid-position during these efforts and it always 
moved in the inspiratory direction. The changes 
observed were of a greater order of magnitude 
than could be explained by the mid-position shifts 
alone. 

It was difficult to measure pulmonary compli- 
ance at frequencies below resting levels. In two 
patients it was possible to extend the measure- 
ments down to conditions of no flow by using an 
interrupter technique similar to that described 


TABLE VI 


Pulmonary compliance during quiet and rapid breathing in 
eight patients with pulmonary emphysema 








Quiet breathing Rapid breathing 








Pulm. 
compliance 


Pulm. Resp. 
compliance rate 


Resp. 
Patient rate 





liters/ liters/ 
cm. H:O0 cm. H:O 
0.14 0.06 
0.21 0.09 
0.07 0.02 
0.26 0.05 
0.17 0.02 
0.44 0.03 
0.09 0.03 
0.10 0.03 


0.19 0.04 
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PULMONARY COMPLIANCE IN LITERS PER SECOND 
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MEAN INSPIRATORY FLOW RATE IN LITERS PER SECOND 


Fic. 5. Putmonary CoMPLIANCE IN Two PATIENTS 


The squares on the ordinate are “static” values. 


The X’s indicate values 


obtained during quiet breathing and the dots, values obtained during volun- 


tary hyperventilation. 


by Stead, Fry, and Ebert (3). Mouth-to-esopha- 


geal pressure difference was measured following 
interruption of the air stream, in this case by 
means of a solenoid-driven valve in the mouth- 
piece assembly. The valve was triggered by a 
switching device attached to a spirometer from 
which the patient inspired. At volume increments 
of 0.25 liter the valve closed for pre-set time in- 


tervals. Pressure differences reached a steady 
level, except for the continuing oscillation syn- 
chronous with the cardiac cycle, in periods less 
than one second. Volume increments were plotted 
against esophageal pressure difference change 
measured at the ends of the periods of inter- 
ruption. The slopes of the volume-pressure plots 
obtained in the region of the normal resting mid- 
position represent “static” pulmonary compliance 
values if the static state may be presumed to have 
occurred during the two-second interruption. In 
Figure 5 the values obtained in this manner in the 
two patients are plotted as squares on the ordi- 
nates. The “X” marks indicate the mean of 
values measured during quiet respiration and the 
dots represent compliance values during volun- 
tary hyperventilation. The “static” compliance is 
about three times greater than during quiet breath- 


ing and some twelve times greater than during 
hyperventilation. 

Although “static” compliance measurements 
were made on only two of the patients, other evi- 
dence obtained in six patients suggests that, under 
conditions approaching the static stage, pulmonary 
compliance was increased from quiet breathing 
levels. During vital capacity determinations the 
patients were instructed to maintain the maximal 
inspiratory position with an open glottis for a pe- 
riod of several seconds before expiring maximally. 
Flow was near zero in these instances and esopha- 
geal pressure approached “static” conditions. In 
only one patient was the intra-esophageal pressure 
as low as — 20 cm. of water. In the remaining 
patients the pressures ranged from —7 to — 11 
cm. of water. In five normal individuals the pres- 
sure ranged from — 25 to — 33 cm. of water. At 
the instant of maximal inspiration the patients had 
somewhat smaller gas volumes within their lungs 
than the normals; total capacities in these six pa- 
tients ranged from 5.2 to 7.9 liters with a mean of 
6.6 while in the five normals they ranged from 7.0 
to 9.0 with a mean of 8.3. Taking the ratio of the 
total lung capacity to the intra-esophageal pres- 
sure at the maximal inspiratory level as a rough 
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measure of the over-all pulmonary compliance, the 
patients with one exception had greater values 
than the normals. (Patient range: 0.3 to 1.1 
liters per cm. of water with a mean of 0.5. Nor- 
mal range 0.26 to 0.36 with a mean of 0.3). 


DISCUSSION 


The flow-resistive behavior of emphysematous 
lungs 


Quantitative evidence of increased expiratory 
flow resistance in emphysema was first obtained 
in one patient by Neergaard and Wirz (5). Day- 
man (6), and more recently Fry, Ebert, Stead, 
and Brown (7) have confirmed this in all of their 
patients. The same observation has been made in 
a patient with bronchial asthma (4) and in nor- 
mal individuals under three specific circumstances : 
1) During maximally rapid expirations (1, 7) ; 2) 
during quiet breathing accomplished voluntarily 
well down in the expiratory reserve range (1, 7) ; 
and 3) during quiet breathing at a normal mid- 
position following the inhalation of a histamine 
aerosol, which produced a two- to three-fold in- 
crease in respiratory flow resistance (4). 

All of these observations are consistent with 
the “check-valve” mechanism explored in detail 
by Dayman. Since this mechanism may play a 
role in the elastic behavior of emphysematous 
lungs it is discussed here. 

During the respiratory cycle the intrathoracic 
airways are subjected to alterations in pressure 
difference across their walls. Because the pres- 
sure on the outside of the airways more closely 
approximates intrapleural pressure than the pres- 
sure within the airways—which is certainly true 
for the extrapulmonary portions, the trachea and 
main bronchi—the pressure difference tends to 
keep the respiratory tract expanded during quiet 
respiration. During rapid forced expiration, how- 
ever, this pressure difference is reversed, and the 
respiratory tract caliber reduced, thereby increas- 
ing pulmonary flow resistance. Furthermore, 
this sequence of events would be “self-augmenting” 
since increased velocity of flow would further in- 
crease the unfavorable transmural pressure dif- 
ference. Conversely, during inspiration the 
events should be “self-limiting.” Here the trans- 
mural pressure difference is reversed, tending to 
increase the cross-section which would lead to 
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reduction in air-flow resistance and air-stream 
kinetic energy and thus reduce the transmural 
pressure difference. This conclusion is consistent 
with the observation that no equivalent reductions 
in pulmonary frictional resistance are observed 
during rapid inspiration. 

Direct observations of the respiratory tract by 
bronchoscopy and bronchography support this 
hypothesis. Di Rienzo (8) has demonstrated with 
bronchograms tracheobronchial collapse during 
the rapid expiratory phase of cough efforts. Fur- 
thermore, invagination of the membranous por- 
tion of the trachea and bronchi during rapid ex- 
piratory efforts is commonly seen during bron- 
choscopy. 

A number of possible structural changes could 
result in abnormal compression of the respiratory 
tract during expiration. Reduction in cross-sec- 
tion of the smaller branches of the respiratory 
tree could have such a result. The resulting in- 
crease in air-flow resistance would be associated 
with greater transmural pressure fluctuations in 
the intrathoracic portions of the airway “‘mouth- 
ward” from the points of constriction. Increased 
tissue frictional resistance could give a similar 
result. 

In addition to mechanisms producing increased 
transmural pressure fluctuations, two additional 
possible predisposing factors should be mentioned. 
The structural integrity of the airway walls per se, 
could play a role to the extent that weakening of 
the walls would reduce the pressure necessary to 
cause collapse. Furthermore, as Fry, Ebert, 
Stead, and Brown have demonstrated (7), the 
elasticity of the lung plays a protective role in 
preventing collapse of the airways during expira- 
tion. 

Of these factors only the last is clearly evident 
in emphysema, but any or all may play a role. 
Finally, although expiratory increases in resist- 
ance may be more marked in emphysema than in 
other conditions, they are not limited to emphy- 
sema. 


The elastic behavior of emphysematous lungs 


Christie (9) first noted that the “distensibility 
of the lungs” in emphysema appeared to be greater 
when measured from tracings of volume and intra- 
pleural pressure during vital capacity maneuvers 
than from similar tracings during quiet breath- 
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ing. Commenting on these findings, McIlroy and 
Christie (10) said: “The maximum inspirations 
were made slowly at a rate of approximately five 
respirations per minute as compared with the 15 
to 20 per minute of the patient’s normal breathing, 
and, in fact, these results show that during life 
the distensibility of the lungs in emphysema de- 
pends largely on the respiratory rate.” Although 
“distensibility” in this instance undoubtedly in- 
cluded flow-resistance along with elastic behavior, 
it is probable that they were describing the same 
phenomenon here reported. 

In attempting to explain the apparent decrease 
in compliance of emphysematous lungs during in- 
creased breathing rates, the influence of the dis- 
tribution of elastic and flow-resistive properties 
within the lung on their over-all mechanical be- 
havior has been considered. 

The results of an animal experiment are helpful 
in introducing these considerations. The compli- 
ance of a dog’s lung was measured at different 
breathing frequencies produced by a Starling 
pump connected to the tracheal cannula. Since 


the chest had been opened, the transpulmonary 
pressure could be measured by recording the 


tracheal pressure with reference to the atmos- 
phere. Over a range of frequency from 5 to 60 
cycles per minute the compliance remained con- 
stant. «A catheter with a small balloon around 
the tip was then passed into the left main bronchus 
and inflated so as to block completely ventilation 
of the left lung. The compliance of the right lung 
was then measured. It was slightly more than 
one-half as compliant as the two lungs together, 
as would be expected from the relative size of the 
two lungs. Again the compliance did not change 
with frequency. 

Next the balloon was slightly deflated permitting 
some ventilation of the left lung, but the resistance 
to flow was greater than normal. In this instance 
when volume changes were produced slowly the 
two lungs had nearly equal tidal excursions. The 
compliance was the same as that measured for 
the two lungs before the catheter was passed. 
As the rate was increased it was observed that 
the partially obstructed lung participated less in 
the total volume change and its movement ap- 
peared to lag behind that of the right lung. The 
compliance measured in this instance had de- 
creased. With further increase in rate, compli- 
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ance fell to levels nearly the same as recorded for 
the right lung alone. At these rapid rates the vol- 
ume change of the left lung was barely noticeable ; 
almost all of the flow was into and out of the right 
lung. 

This experiment illustrates in gross fashion the 
influence of an abnormal distribution of resistance 
on the mechanical behavior of lungs. At low fre- 
quencies, when the rates of flow were low, the re- 
sistance discrepancy had little effect on the distri- 
bution of flow to the two lungs. In this instance 
the compliance of the lungs determined the distri- 
bution of volume change, and the over-all system 
compliance was the sum of the individual lung 
compliances. As the cycling frequency of the 
pump was increased the differences in flow re- 
sistance to the two lungs had a progressively 
greater effect on the distribution of flow to the 
two lungs. Functionally, the apparent reduction 
in compliance reflected this change. 

The concepts illustrated by this experiment can 
be extended to points further along the respiratory 
tree. At every point of branching the distribution 
of flow between the two branches depends on the 
elastic and flow-resistive properties of the two 
pathways. When the rates of flow are low this 
distribution depends chiefly on the elastic prop- 
erties of the pathways. As the rates of flow in- 
crease, the distribution depends increasingly, and 
at high rates of flow predominantly on the flow 
resistance of the two pathways. 

The only circumstance under which the over- 
all compliance of the lungs will remain unchanged 
with changes in breathing rate is one in which the 
distribution of flow within the lungs remains the 
same as the breathing frequency changes. It is 
apparent that flow-resistive and elastic properties 
would have to be distributed in a special way to 
permit this. In attempting to understand the na- 
ture of such a distribution, techniques developed 
in the field of electrical engineering are useful. 
Certain electrical networks are analogous to the 
lungs’ mechanical networks, and the theory that 
has been developed to account for their behavior 
can be applied to the lungs. It is not within the 
scope of this report to present such an analysis.® 
The conclusions which may be reached can be 
expressed simply : 


5 Details of this analysis will appear in Reference 4. 





MECHANICAL PROPERTIES OF THE LUNGS IN EMPHYSEMA 


Considering any pathway in the lung, the prod- 
uct of the flow resistance and compliance of the 
pathway has the unit of time: 


Compliance X Resistance = Time 


Pressure 
Volume/Time 


Volume 
Pressure 





= Time 


This product is called the time-constant of the 
pathway. It can be shown theoretically and dem- 
onstrated experimentally, that if the time-constants 
of all the separate pathways are equal the distribu- 
tion of flow within a system such as the lungs is 
independent of frequency. Only under this cir- 
cumstance is the measured over-all compliance 
also independent of frequency. Any time-con- 
stant inequality, whether the result of changes in 
local elastic properties, flow resistive properties, 
or a combination of both, will result in changes 
in the distribution of flow with changes in fre- 
quency, and reduction in the over-all compliance 
as frequency is increased. 

Certain corollaries of this analysis may be men- 
tioned. The finding of unchanged compliance 


with changes in breathing rates in normal subjects 


suggests that the distribution of ventilation in nor- 
mal lungs also remains the same over a wide range 
of frequencies. By this, equality of ventilation to 
all parts of the lung is not implied. It merely 
means that the distribution, such as it is, does not 
change. In contrast, the marked reduction in 
compliance with increasing frequency observed in 
emphysema implies that even during quiet breath- 
ing a considerable part of the uneven ventilation, 
known to exist in emphysema, must relate to dy- 
namic factors. In all probability these abnormali- 
ties are emphasized with increasing ventilation 
during exercise. 

It is not possible to say whether local changes 
in elastic or resistive properties, or both (includ- 
ing the check valve mechanism) are responsible 
for the changes in compliance with changing 
frequency in emphysema. It is of interest to 
speculate about the possible influence of this phe- 
nomenon on the pathogenesis of the disease. If 
the distribution of increases in air-flow resistance 
is non-uniform within the lungs, those parts of the 
lungs with the lowest resistance would become ab- 
normally stressed, since they would undergo 
greater than normal volume change. The high 
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resistance parts of the lungs would tend to be 
protected. Large and relatively rapid changes in 
volume, as during the inspiratory phase of cough, 
would tend to accentuate this differential stress 
within the lungs. Thus, it is possible that this 
phenomenon may play a role in the process of 
parenchymal destruction and lead from asthma and 
chronic bronchitis to emphysema. 

The differential diagnosis between pulmonary 
emphysema and bronchial asthma is important 
since the former implies irreversible structural 
damage while the Jatter does not. From the stand- 
point of pulmonary mechanics the two conditions 
have much in common. In both conditions in- 
creases in pulmonary flow resistance are greatest 
during expiration and pulmonary compliance falls 
with increased rates of breathing. Theoretically 
certain mechanical differences should be measur- 
able. The static compliance of the lungs of the 
patient with emphysema, as indicated roughly by 
the extent to which he can lower his intra-esopha- 
geal pressure during a slow maximally deep in- 
spiration, should be higher than normal. (The 
presence of cor pulmonale in emphysema might 
negate this distinction.) Furthermore, the asth- 
matic patient studied on his “best day” or follow- 
ing the administration of bronchodilators might be 
expected to show little change in compliance with 
frequency and near-normal pulmonary flow re- 
sistance, while the patient with emphysema under 
similar circumstances would still show marked 
mechanical abnormality. 


SUMMARY 


Measurements of the mechanical properties of 
the lungs in ten patients with advanced pulmonary 
emphysema were compared with similar meas- 
urements in ten normal subjects. 

Pulmonary flow resistance was found to be in- 
creased in emphysema, more so during expiration 
than during inspiration. Pulmonary flow re- 
sistance during expiration was further increased 
by increased effort. 

In the patients, pulmonary compliance was near 
normal levels during quiet breathing, but fell mark- 
edly as the breathing frequency was increased. 

Possible local mechanisms accounting for these 
changes are discussed and the implications of the 
distribution of mechanical properties within the 
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lungs on their over-all mechanical behavior con- 
sidered. 
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Since the dietary management of patients with 
cirrhosis is of great importance it was felt that as- 
sessment of the vascular and metabolic responses 
of the splanchnic area to protein and glucose feed- 
ing would shed some light on reactions of the 
splanchnic vasculature and of the liver parenchyma 
which might be therapeutically desirable, or the 
reverse. 


METHODS 


The subjects for this investigation were patients from 
the Medical Wards of the University Service, Kings 
County Hospital. A total of 40 patients were studied. 
Fourteen patients who had recovered from recent acute in- 
fections or other minor illnesses and were considered to 
have normal liver function by the usual clinical and 
laboratory criteria, served as a control group. There 
were 26 subjects in the cirrhotic group. Twenty-one of 
these cirrhotic patients had a history of prolonged ex- 
cessive alcoholic intake and poor nutrition; 5 had a 
history of acute hepatitis years previous to the onset 
of their present illness. The diagnosis of cirrhosis was 
supported by laboratory studies in all cases, and in 15 
subjects by liver biopsy. Ten of the cirrhotic patients 
had ascites and paracenteses were performed 24 hours 
before study so that they were as “dry” as possible dur- 
ing the study. 

The estimated splanchnic blood flow (ESBF) and 
splanchnic oxygen consumption (SOC) were determined 
in all subjects in the morning after a fast of at least 12 
hours, and for variable periods up to 90 minutes follow- 
ing the ingestion of either protein or glucose. The 
splanchnic blood flow was determined by the bromsul- 
falein (BSP) method (3). An infusion of BSP (in 0.85 
per cent saline) was administered intravenously at a 
constant rate maintained in a few instances by a tun- 
nel clamp and in the remaining cases by a calibrated 
Bowman pump. The rate of infusion was adjusted so 


1 This work was supported by a grant from Abbott 
Laboratories, North Chicago, Illinois. 

2 Portions of this work were presented at the Eastern 
Section Meeting, American Federation for Clinical Re- 
search, Boston, January 4, 1954 (1) and have appeared 
in abstract (2). 


that the peripheral BSP concentration was maintained 
at a constant level throughout each study below 2.0 
mgm. per cent following a priming dose of 150 mgm. A 
specially designed double lumen venous catheter in which 
the lumina are 3 inches apart was introduced into the 
right hepatic vein under fluoroscopic control, advanced 
as far as possible, and was kept in that position through- 
out each study. All blood sampling was done from the 
proximal opening, which was positioned in a branch of 
the hepatic vein. Samples of blood for arterial oxygen 
content and BSP concentration were obtained through 
an indwelling arterial needle in either the femoral or 
brachial artery. Thirty to 60 minutes after the establish- 
ment of proper BSP levels 3 or 4 simultaneous samples 
of arterial and hepatic venous blood were obtained at 
5 to 10-minute intervals for colorimetric determination 
of plasma bromsulfalein concentration. Samples of ar- 
terial and hepatic venous blood were also obtained with- 
out exposure to air for the determination of oxygen dif- 
ferences. Care was taken to assure a free flow of blood 
from the catheter so as to prevent inadvertent dilution and 
thus invalid determinations. 

The estimated splanchnic plasma flow was calculated 
from extrapolated data midway between two successive 
determinations of arterial and hepatic vein BSP plasma 
concentrations. The splanchnic oxygen consumption 
(SOC) was calculated only in those instances when ar- 
terial and hepatic vein oxygen samples were obtained 
within five minutes of this extrapolated midpoint. 

In those instances where the peripheral BSP concen- 
tration was changing more than 0.003 mgm. per cent per 
minute (AP) the data were considered invalid and dis- 
carded. In those instances where the arterial minus 
hepatic vein (A-HV) BSP concentration divided by 
arterial BSP concentration, Esse per cent, that is the 
hepatic extraction of bromsulfalein, was less than 10 per 
cent during control periods, blood flow was not esti- 
mated. In both normal and cirrhotic subjects fed pro- 
tein the BSP concentration in the hepatic vein rose with 
no detectable change in peripheral BSP levels indicating 
a decrease in Ezsr per cent. In a few instances there was 
a concomitant slight rise in peripheral BSP levels with 
the fall in Essr per cent indicating a decrease in over-all 
BSP clearance. Estimated splanchnic blood flow was 
determined from values for estimated plasma flow and 
arterial hematocrits which were measured in Wintrobe 
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tubes centrifuged at 3,000 rpm for 30 minutes. It was 
assumed that the peripheral arterial and splanchnic he- 
matocrits maintained a constant relationship to each other 
throughout each study. Data for both ESBF and SOC 
have been converted to rates per square meter of body 
surface. Per cent changes represent the increases or de- 
creases from average control values. All data were dis- 
carded if the splanchnic blood flow in any one of three 
successive control periods varied more than 10 per cent 
from the mean ESBF of these periods. Recorded post 
feeding data are single determinations. 

In the cirrhotic group fed protein there were seven sub- 
jects with hyperbilirubinemia in whom ESBF was not 
measured. Blood was drawn from the collateral abdomi- 
nal veins of two cirrhotic patients for the determination of 
amino acid nitrogen content. 

Following three control periods, the subjects in whom 
the effects of protein feeding were to be studied, in- 
gested 250 grams of chopped lean beef which contained 
60 grams of protein. The meat was broiled, homogenized 
in a Waring blendor with water and salt, and then re- 
heated. The consistency of the meal was approximately 
that of a thick soup and could easily be taken through 
a glass straw by the patient while he remained in the 
supine position. In the glucose feeding studies the pa- 
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tients ingested 100 grams of glucose to which lemon 
juice had been added. Protein and glucose feedings were 
of approximately equal volume (500 cc.), but were not 
isocaloric. 

After either of these two feedings the sampling of 
hepatic venous and arterial blood permitted determina- 
tions of bromsulfalein and oxygen, and in certain instances 
amino acid nitrogen and glucose content. Since care- 
fully selected beef was used for protein feeding, ali- 
mentary lipemia did not interfere with the colorimetric 
determinations of BSP. Sampling was started as early 
as five minutes after the feeding in some instances, and 
as late as 30 minutes afterwards in others. Speci- 
mens were obtained at approximately 10 to 15-minute 
intervals up to 90 minutes after the ingestion of the 
food. 

Arteriovenous oxygen differences were determined 
once during the control periods, again during the first 
50 minutes after feeding, and at least once more before 
the study was terminated. The oxygen concentrations 
were determined by the manometric method of Van Slyke 
and Neill (4); glucose concentrations from zinc sulfate 
filtrates by a modification of the Somogyi method (5); 
amino acid nitrogen from tungstate filtrates by a modifi- 
cation of the Folin-Wu method (6). 


TABLE I 


The effect of oral protein feeding in normal subjects 








Time (minutes) after feeding 





Subject 30 40 


50 60 





N. K. 
(M) 


ESBF 1090 
SOC 37 
A-HV O; 3.4 


1575(45)* 1510(39) 
46(24) 


1370(26) 1190(9) 
48 (30) 





V. G. 
(M) 


ESBF 
SOC 
A-HV 0; 3.6 4.3 


980(7) 
33 42(28) 


1240(35) 1220(33) 1215(32) 


1160(26) 
57(73) 
4.9 





J.B. 
(M) 


ESBF 
SOc 59 
A-HV O02 4.4 


1780(33) 1760(31) 1755(31) 1485(11) 
70(19) 92(56) 77 (31) 
3.9 5.2 5.2 





W.O’'C. ESBF 1205 
SOC 45 


A-HV 0; 3.7 


1430(19) 


1365(13)  1205(0) 
74(64) 


5.4 


1a5(—$) 
69(53) 





(M) 

C.S. ESBF 970 
SOC 28 

(F) A-HV 0, 2.9 


1225 (26) 
45(61) 
4.3 


1190(23) 
36 (29) 
3.0 


1135(17) 1070(10) 





SP, ESBF 1130 1800(59) 1760(56) 
SOc 70 
(M) 


1670(48) 
95 (36) 


1730(53) 1690(50) 1755(55) 
109(56) 


5.4 


1705(51) 





A-HV O02 6.1 5.7 
A. W. ESBF 1480 2000 (35) 

SOC 49 
(M) 


2130(44) 2080 (41) ma 
64(31) 


3.5 





Averaget of 20 
through 50-minute 
period 


82 (67) 
A-HV O, 3.3 4.1 
Average ESBF 1160 
of 46 


Soc 
control A-HVO; 3.9 


1570(35) 
65(41) 
4.4 


Averaget of 60 
through 90-minute 
peri 


1430(23) 
69(50) 
4.7 





* Data in parentheses represent percentage increases or decreases (—) from control. 


t The a 
of: lee 


e ESBF recorded was derived from average data of each individual during the two main time periods; 
. subject N. K. during 10 through 50-minute period was 1485, and 1190 during 60 through 90-minute 
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TABLE II 


The effect of oral protein feeding in cirrhotic subjects 








A, Non-icteric 





Time (minutes) after feeding 





Fasting 


Subject control 


40 50 60 90 





J.W. 
(M) 


ESBF 
soc 
A-HVO, 


380 
21 


445(17) 
21(0) 
5.4 4.7 


435(12) 


495(30)  405(7) 435(12) 
30(4: 





| ee 
(M) 


ESBF 


1075 
SOC 36 
A-HVO: 3.3 


1160(8)  940(—13) 
30(—17) 
3.2 


1390(29) 
54(50) 
3.9 





A. McC. 
(M) 


ESBF 725 
SOC $1 
A-HVO, 7.1 


840(16) 
40(—22) 
4.8 


980(35) 
63(24) 
6.4 


910(26) 





C. M. 
(M) 


ESBF 
SOC 
A-HVO, 


1065(4) 1130(10) 
6 


7(—4) 
5.9 


1220(19) 
89(27) 
7.3 


1090(6) 


1130(10) 
70(0) 


6.2 





W. R. 
(M) 


ESBF 840(8)  950(22) 
SOc 48(14) 
A-HVO; 5. 5.7 


935(20) 753026) 


5.6 


800(3) 





T. D. 
(M) 


ESBF 985(73) 


A-HVO, 


865(52) 
SOC 37(131) 
. 4.3 3.0 


750(32) 785 (38) 930(63) 930(63) 
28(75) 





J.R. 
(M) 


ESBF 1510(8) 1710(22) 
SOC 55(22) 


A-HVO; 3. 3.2 


1305(—7) 


1275(—9) 
42(—7) 
3.3 





P.A. 
(M) 


ESBF 415(1) 445(8) 
SOC 29(21) 
A-HVO, 





6.2 
ESBF 1450(60) 
soc 64(45) 
A-HVO; 4.5 


1260(39) 
52(14) 
41 





A-HVO, 





E. I. 
(M) 


A-HVO;: 





Pee 
(M) 


A-HVO; 





L. S. 
(M) 


A-HVO: 





Average ESBF 
0 SOC 
control A-HVO,: 


Average of 
10 through 50- 
minute period 


1000(23) 
46(18) 
5.0 


985(21) 


Average of 
51(31) 
5.3 


60 through 90- 
minute period 





RESULTS 


Since all control data represent similar fasting 
conditions for both types of experiment (protein 
and glucose feeding) the results are calculated as 
grouped data in normal and cirrhotic subjects. In 
each table, however, recorded averages were de- 
rived from data in the particular table. 


Control periods 


The mean control ESBF for 10 normal subjects 
(Table I, 7 subjects and Table IIIA, the first 3 
subjects) was 1130 cc. per min. per m? + 340 cc. 
The mean SOC for these 10 normal subjects was 
43.5 cc. per min. per m?+7.5 cc. The mean 
A-HV oxygen difference for 14 normal subjects 
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TABLE 11—Continued 





B. Icteric 





Time (minutes) after feeding 





Fasti 


Subject contr 


40 50 60 





W.L. 
(M) 


A-HVO, 3.3 


3.1 





J.V. 
(M) 


A-HVO, 3.3 





D. D. 
(M) 


A-HVO; 1.5 








W. B. 
(M) 


A. A. 
(M) 


P. H. 
mM) 


A-HVO; 2.3 





A-HVO, 1.9 





A-HVO, 2.4 











H. {: A-HVO;, 2.8 
(M 





Average of 
10 through 50- 
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(10 subjects cited above plus the last 4 subjects, 
Table IIIA) was 4.0 vol. per cent + 0.8 cc. 

The mean control ESBF for 11 non-icteric cir- 
rhotic subjects (Table IIA, the first 9 subjects and 
Table IIIB, the first 2 subjects) was 730 cc. per 
min. per m? + 340 cc. The mean SOC for these 
11 subjects was 40.5 cc. per min. per m* + 16 cc. 
The mean A-HV oxygen difference for 19 non- 
icteric cirrhotic subjects (11 subjects cited above 
plus the last 4 subjects, Table IIA and the last 4 
subjects, Table IIIB) was 4.8 vol. per cent + 1.4 
cc. In the 7 cirrhotic subjects with clinical icterus 
(Table IIB), the mean A-HV oxygen difference 
was 2.5 vol. per cent + 0.7 cc. 


Post feeding results 


A. Protein. Tables I, IIA, and IIB list the ef- 
fects of protein feeding in normal and cirrhotic 
subjects. 

In the group of seven normal subjects (Table 1) 
the average ESBF increased from a fasting value 
of 1160 cc. per min. per m? to 1570 cc. per min. per 
m?, 35 per cent above the control in the first hour 
after the protein feed. During the next thirty 
minutes there was some return towards control 
levels, the ESBF averaging 1430 cc. per min. per 
m?, 23 per cent above control. There was also an 
increase in the average A~HV oxygen difference 


for the normal subjects from a control value of 3.9 
vol. per cent to 4.4 vol. per cent during the first 
hour after feeding and a further increase to 4.7 
vol. per cent in the next 30 minutes. The average 
fasting SOC of 46 cc. per min. per m® rose to 65 
cc. per min. per m*, a 41 per cent increase, during 
the first post feeding hour and reached 69 cc. per 
min. per m?, to a 50 per cent increase during the 
next thirty minutes. Although there was a slight 
decrease in the average ESBF during the last 
thirty minutes of observation, as compared with 
the ESBF of the first hour, the increased A-HV 
oxygen difference at the time was greater so that 
the SOC increased. 

In 9 non-icteric cirrhotic subjects (Table IIA) 
the ESBF rose from an average level of 810 cc. 
per min. per m? in the fasting state to 1000 cc. per 
min. per m?, 23 per cent above control, during the 
first hour post feeding, and fell slightly to 985 cc. 
per min. per m?, still 21 per cent above control 
during the final 30 minutes of observation. A-HV 
oxygen differences in the 13 non-icteric cirrhotic 
subjects (Tabie IIA) changed insignificantly after 
feeding from an average fasting level of 4.9 vol. 
per cent to 5.0 vol. per cent during the first hour 
and to 5.3 vol. per cent in the next 30 minutes. 
From an average fasting SOC of 39 cc. per min. 
per m? there was an increase to 46 cc. per min. per 
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TABLE III 
The effect of oral glucose feedings 








A. Normal subjects 





Time (minutes) after feeding 





Fasting 
control 10 20 30 40 50 60 


ESBF 1250+ 1180(—6) 1150(—8) 1045(—16) 1170(—6) 
soc 37.5 31(—17) 33(—12) 
A-HVO, 3.0 2.6 2.8 
PER.GL.* 71 95 108 118 107 


ESBF 1050 945(—10) 930(—11) 960(—8)  980(—6) 990(—6) 1010(—4) 
S 47 35(—26) 40(—15) 
4.5 3.8 4.0 
94 123 112 115 110 100 90 
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30 31(3) ny Soh 
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Average ESBF 1065 Averaget of 975(—8) Average of 





~ 1010(—5) 


of SOC 38 10 through 50- + om 16) 60 through 90- 33.5(—12) 
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control A-HVO, 4.2 minute period minute period 3.6 





B. Cirrhotics 





Time (minutes) after feeding 





Fasting 
Subject control 30 40 50 
ESBF 590 540(—8) 590(0) 
N.P. SOC 38 32(—16) 
(M) A-HVO, 6.5 5.9 
PER.GL. 80 124 120 


ESBF 1175 700(—40) 825(—30) 930(—21) 

P.M. SOC 59 24.5(—58) 48(—19) 

(M) A-HVO, 5.0 3.5 5.2 
PER.GL. 74 112 


N.L. A-HVO, 4.0 
aml i ie 

A.K. A-HVO, 3.6 
(M) 


S.K. A-HVO, 4.0 
(M) 
G,.G. f 10. Fer ee) Pitts 7 een 2.9 
(M) a 
Average ESBF 880 Average of _ Average of 

of SOC 


48 10 through 50- — 60 through 90- 
control A-HVO, 4.6 minute period 4.0 minute period 




















* Peripheral (arterial) blood glucose level, mgm. per cent. 

+ Recorded control ESBF in each subject is the average of three successive determinations. 

t Recorded average ESBF in the 10 through 50-minute and in the 60 through 90-minute periods was obtained by 
using the average ESBF of each subject during these two intervals, e.g., the ESBF in patient L. C. in the 10 through 
50-minute period averaged 1125 cc. 
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m?* or 18 per cent above control during the first 
hour after the meal, and then a very slight further 
increase to 51 cc. or 31 per cent above the con- 
trol during the last 30 minutes of observation. 

In the seven icteric cirrhotic subjects (Table 
IIB) there was a progressive increase in A-HV 
oxygen difference from a low average fasting level 
of 2.5 vol. per cent to 3.2 vol. per cent during the 
first hour post feeding, and to 3.5 vol. per cent 
during the next 30 minutes of observation. 

In subjects I. T. and L. S. (Table IIA) with 
large abdominal collateral veins, amino acid nitro- 
gen concentration rose in these vessels from fast- 
ing levels of 7.0 and 5.8 mgm. per cent to 15.4 and 
14.8 mgm. per cent, respectively, twenty minutes 
after a protein feed. At one hour the levels were 
16.0 and 17.0 mgm. per cent, respectively. 


TABLE IV 


Blood amino acid nitrogen levels in peripheral artery and 
hepatic vein before and one hour after protein feeding 
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In eight cirrhotic subjects (Table IV) the 
peripheral amino acid nitrogen concentrations 
rose from an average fasting level of 6.5 mgm. per 
cent to 10.1 mgm. per cent one hour after protein 
ingestion while the corresponding hepatic vein 
concentrations increased from 6.2 mgm. per cent 
to 8.6 mgm. per cent in the same interval. In two 
of the eight subjects amino acid nitrogen levels 
in the hepatic vein were significantly higher than 
their corresponding peripheral levels one hour 
after the protein feed. In two normal subjects 
there was no significant change in amine acid 
nitrogen levels in either arterial or hepatic vein 
blood one hour after the feeding. 

B. Glucose. In three normal subjects (Table 
IIIA) there was a slight fall in ESBF during the 
first hour after the glucose feeding from an aver- 
age fasting level of 1065 cc. per min. per m? to 975 
cc. per min. per m*. This represented an 8 per 
cent fall in flow. During the next thirty minutes 
of observation there was a tendency toward a re- 
turn to the control levels, the average ESBF dur- 
ing this period being 1010 cc. per min. per mi’. 
A-HV oxygen differences showed a somewhat 
more striking effect, falling from an average of 
4.2 vol. per cent to 3.5 vol. per cent during the 
first hour of observation, and remaining quite con- 
stant at 3.6 vol. per cent during the next 30 min- 
utes. The splanchnic consumption of oxygen for 
these three normal subjects fell slightly after glu- 
cose feeding from an average fasting level of 38 
cc. per min. per m? to 32 cc. per min. per m* dur- 
ing the first hour of observation and changed but 
little during the next 30 minutes averaging 33.5 
cc. per min. per m’. Glucose tolerance as meas- 
ured by peripheral blood levels was at all times 
within the normal range. The alterations in he- 
patic blood flow and oxygen consumption were 
sustained beyond the time at which peripheral 
blood glucose concentrations (see Table III) had 
returned to fasting levels. 

The effect of glucose feeding upon ESBF and 
SOC was studied in two cirrhotic subjects. In 
subject N. P. (Table IIIB) there was a slight ini- 
tial fall in the ESBF 30 minutes after the glucose 
feeding from a fasting level of 590 cc. per min. per 
m? to 540 cc. per min. per m? with return to the 
control level 50 minutes after ingestion of glucose. 
There was a slight fall in oxygen consumption 30 
minutes after the ingestion of glucose from a 
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fasting level of 38 cc. per min. per m? to 32 cc. per 
min. per m*. In subject P. M. (Table IIIB) 
there was a more striking fall in blood flow in the 
first 30 minutes after the ingestion of glucose to 
765 cc. per min. per m? from a control level of 
1175 cc. per min. per m*. One hour after the in- 
splanchnic oxygen consumption was 24.5 cc. per 
min. per m?, 21 per cent below the control level. 
Twenty minutes after the ingestion of glucose the 
splanchnic oxygen consumption was 24.5 cc. per 
min. per m?, having decreased to less than half 
of control level which was 59 cc. per min, per m?. 
The fall in SOC was noted when the peripheral 
glucose level was elevated, and 60 minutes after the 
administration of glucose, when the peripheral 
blood glucose had returned to the fasting level, 
the SOC was 48 cc. per min. per m?, 19 per cent 
below the control value. 

In the six cirrhotic subjects (Table IIIB) fed 
glucose A-HV oxygen differences fell from an 
average control level of 4.6 vol. per cent to 4.0 
vol. per cent during the first hour of observation 
and subsequently to 3.4 vol. per cent during the 
next 30 minutes. 


DISCUSSION 


From the present study of the short term ef- 
fects of protein and glucose feeding in normal and 
cirrhotic subjects certain conclusions seem war- 
‘ranted. First, after the ingestion of protein there 
is an increase in estimated splanchnic blood flow, 


arterio-hepatic vein oxygen difference, and 
splanchnic consumption of oxygen in both normal 
and cirrhotic subjects. However, although the 
changes are qualitatively similar the increases oc- 
cur somewhat sooner and are of greater magnitude 
in the normal as compared with the cirrhotic pa- 
tient. Second, glucose ingestion results in mini- 
mal changes in all parameters measured in both 
normal and cirrhotic subjects. Third, the liver of 
the fasting, icteric, cirrhotic subject extracts much 
less oxygen per unit of blood than does the liver 
of the fasting normal, or of the non-icteric, cir- 
rhotic subject. Following the ingestion of pro- 
tein by the cirrhotic subject with icterus, the 
A-HV oxygen difference increases more in ab- 
solute values and in percentage changes than it 
does in the normal, or in the non-icteric cirrhotic 
subject. 


1023 


In the fasting state there is little difference in 
splanchnic oxygen consumption between the cir- 
rhotic and the normal subject despite the lessened 
blood flow in the former because of the greater 
oxygen extraction from each unit of blood. Dur- 
ing these acute studies following the ingestion of 
protein, the A-HV oxygen difference increases 
significantly in the normal subject whereas in the 
cirrhotic subject with approximately the same per- 
centage increase in blood flow, extraction of 
oxygen per unit of blood increases minimally. 
This failure of the cirrhotic liver to increase oxy- 
gen extraction with increased blood flow may be 
due to hepato-cellular disease, intrahepatic and 
extrahepatic shunting of blood, or to perfusion of 
acellular and non-extracting tissue. 

The specific dynamic action of protein has been 
shown in experimental animals to be due to ex- 
cess metabolism in the splanchnic region (7, 8). 
This finding has been confirmed in humans by the 
intravenous administration of amino acids which 
cause great increases in splanchnic oxygen con- 
sumption and little or no change in splanchnic 
blood flow (9). In the present study the feeding 
of protein was followed by a significant increase 
in splanchnic oxygen consumption, similar to that 
caused by the intravenous administration of amino 
acids; however, a significant increase was also 
noted in ESBF. The effect on ESBF of oral 
amino acids which require no digestion is not 
known. It would seem unlikely that the increase 
in ESBF which occurs following the ingestion of 
protein is related to the increased SOC associated 
with the metabolism of amino acids. The vascular 
and metabolic responses of the splanchnic area 
would appear to depend in part upon the route of 
administration of a given substance, e.g., the effects 
of alcohol upon splanchnic blood flow differ with 
the oral and intravenous routes of administration 
(10, 11). The metabolic processes associated 
with deamination and the production of urea prob- 
ably add to the oxygen requirements of the liver. 
In as short a period as 20 minutes after the in- 
gestion of protein, estimations of the amino acid 
nitrogen content of blood taken from collateral ve- 
nous channels in the two patients referred to previ- 
ously showed a definite rise. The rapidity of the 
changes noted in SOC after the ingestion of pro- 
tein in this study may be partly dependent upon 
the specific dynamic action of amino acids. An 
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SDA effect need not necessarily be accompanied 
by a rise in ESBF (9). 

The icteric cirrhotic subjects exhibited very low 
arterio-hepatic vein oxygen differences in the fast- 
ing state and, although these differences increased 
considerably following the ingestion of protein 
when measured in percentages or in absolute val- 
ues, they failed to approach the levels found in 
either normal or non-icteric cirrhotic subjects. 
It would appear likely that these observations re- 
flect the severe degree of hepato-cellular dysfunc- 
tion present in cirrhotic patients with jaundice. 

The oral administration of considerable quan- 
tities of glucose is not accompanied by significant 
change in the parameters used in this acute study 
to demonstrate vascular or metabolic changes in 
the splanchnic area. Intravenous glucose reduces 
splanchnic oxygen consumption and blood flow 
(9). The observed minimal change in splanchnic 
oxygen consumption may be explained by the 
conversion of ingested glucose to fat and fatty 
acids (12) freeing oxygen equivalent to 5 calories 
per gram of glucose converted. The ingestion of 
glucose will reduce endogenous protein metabolism 
in a fasting liver and thus urea production and 


deamination will diminish (13). It may therefore 
be possible to achieve a relatively high caloric in- 
take without causing an increase, but perhaps a 
decrease, in splanchnic oxygen consumption and/ 


or blood flow. Indeed, our short term data sug- 
gest that a fall in splanchnic oxygen consumption 
may follow the ingestion of glucose. The effects 
of complex polysaccharides which require diges- 
tion have not been studied. 

A growing body of evidence has cast suspicion 
on the role of metabolites of nitrogenous sub- 
stances in the genesis of hepatic coma (14). Am- 
monia levels of hepatic vein blood are higher in 
cirrhotic subjects than in normal individuals after 
the ingestion of a standard dose of ammonium 
chloride (15). Small increments in the protein 
intake of apparently stabilized cirrhotic patients 
may precipitate hepatic coma (16). These phe- 
nomena would appear to be related to the shunting 
of gastrointestinal venous blood directly into the 
systemic circulation or to the failure of adequate 
metabolism by a diseased liver. The present 
study has demonstrated that the amino acid ni- 
trogen levels of hepatic vein and peripheral blood 
are higher in cirrhotic patients than in normals 
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after a protein feed. This too is a reflection of 
the combination of hepato-cellular disease and 
vascular shunting. 

The uniform rise in ESBF following protein 
feeding may be related to changes in portal vein 
pressure. Data obtained in our laboratory demon- 
strate (17) that protein feeding is often followed 
by a rise in hepatic venule wedge pressure in nor- 
mals and more so in cirrhotic subjects, whereas 
glucose feeding does not produce this effect. He- 
patic wedge pressure is an excellent reflection of 
portal vein pressure (18). Since further in- 
creases in portal vein pressure in patients with 
hepatic cirrhosis complicated by portal hyper- 
tension are undesirable, this consequence of pro- 
tein ingestion must be considered in the manage- 
ment of such patients. 

To decrease the work of a diseased organ is 
a basic therapeutic concept. One of the current 
treatments for hepatic cirrhosis includes the ad- 
ministration of large amounts of protein (19). 
If increased splanchnic oxygen consumption or 
work is considered to be deleterious, then it may 
well be that a high protein intake is unnecessary 
and perhaps injurious in patients with hepatic 
cirrhosis. Although no one denies the need for 
protein repletion in many patients with hepatic 
cirrhosis and though it is often difficult to corre- 
late the results of acute experimentation with the 
long term management of a chronic disease, it 
would now seem, from several points of view, that 
a nutritious diet with quantities of protein of high 
biologic value just sufficient to maintain these pa- 
tients in positive nitrogen balance might be more 
advantageous than regimens which stress high 
protein feeding. Glucose causes no increase in 
splanchnic oxygen consumption or work and so 
may be a very valuable constituent of the diet of 
patients with this disease. 


CONCLUSIONS 


1. The effects of oral protein and glucose feed- 
ings on estimated splanchnic blood flow, splanch- 
nic utilization of oxygen, arterio-hepatic vein 
oxygen differences have been studied in normal 
and cirrhotic subjects. These feedings provoke 
the following responses: 

a) In both normal and cirrhotic subjects, pro- 
tein feeding induced an increase in splanchnic 
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blood flow, splanchnic oxygen consumption, and 
A-HV oxygen differences as compared with their 
fasting levels. Though the effects are qualita- 
tively the same they are less marked and more de- 
layed in the cirrhotic subject than in the normal 
individual. 

b) In normal and cirrhotic subjects, oral glu- 
cose feeding induced little change in splanchnic 
blood flow, oxygen consumption, and arterio- 
hepatic vein oxygen differences as compared with 
their control level. 

c) There is a small arterio-hepatic vein oxygen 
difference in the fasting icteric cirrhotic subject, 
but an increase of this difference occurs following 
a protein feeding. 

2. Amino acid nitrogen levels of peripheral and 
hepatic vein blood are higher in cirrhotics than 
in normals after protein feeding. 

3. The clinical implications of these observa- 
tions are discussed. 
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The way in which fat is absorbed in healthy 
people is still largely unknown. This lack of 
knowledge chiefly concerns the question whether 
complete hydrolysis of the dietary fat is necessary 
before it is absorbed, or whether absorption 
through the intestinal wall is possible without 
complete hydrolysis. In the past few decades this 
problem has been studied mainly by Verzar and 
McDougall (1, 2) and by Frazer (3-12), al- 
though in widely different ways. 

The quintessence of Verzar’s theory is: com- 
plete hydrolysis of fat in the intestine and syn- 
thesis of the fatty acids to triglycerides in the in- 
testinal cells, via an intermediate stage of phospho- 
lipids. The main features of Frazer’s theory are: 
hydrolysis of part of the fat into mono- and 


diglycerides and free fatty acids in the intestine, 
formation of an emulsion and absorption of tiny 


droplets of fat. The essential point of difference 
between these two theories is the degree of hy- 
drolysis of the fat in the intestine. This problem 
has been approached in various ways. 

The degree of hydrolysis was determined di- 
rectly by examination of the intestinal contents 
after administration of fat by Mattson, Benedict, 
Martin, and Beck (13), Desnuelle and Constantin 
(14) and Kuhrt and other workers (15). Other 
attempts to determine the degree of hydrolysis 
using an indirect method of calculation, by com- 
parison of chyle fat with dietary fat labelled with 
isotopes, were made by Borgstrém (16), Reiser, 
Bryson, Carr, and Kuiken (17, 18) and Bernhard, 
Wagner, and Ritzel (19). All these investiga- 
tions led to the conclusion that there is a con- 
siderable hydrolysis of fat in the intestinal lumen. 
According to Frazer (10) about 40 per cent of 
the dietary fat is hydrolyzed partially, but Borg- 
strom and Reiser consider it highly probable that 
the hydrolysis, in any case into mono- and di- 
glycerides, is practically complete. The latter au- 
thors assume that 25 to 45 per cent of the dietary 


fat is completely broken down into free fatty acids 
and glycerol; the remaining 55 to 75 per cent is, 
according to them completely, and according to 
Bernhard partially, hydrolyzed into monoglycer- 
ides. 

There is, however, quite another aspect to this 
problem. Frazer (6-9), Bernhard (20), Borg- 
strém (21, 22), Bloom, Chaikoff, and Reinhardt 
(23) and Favarger (24) have shown that not all 
fatty acids are absorbed in the same manner. 

According to Frazer the fatty acids of low mo- 
lecular weight are absorbed in a different manner 
from those of high molecular weight. Frazer also 
deals separately with the unsaturated fatty acids, 
such as A®-octadecanoic acid. As the dietary fats 
may be of widely varying composition, the deter- 
mination of the individual absorption of all fatty 
acids, of which the dietary fat concerned is com- 
posed, is of great advantage, in contrast to the 
determination of the total absorption of fat or of 
the absorption of one particular labelled fatty 
acid. 

The method of Boldingh (25, 26) enables such 
an analysis. A case of chylothorax in a child of- 
fered us a welcome opportunity to use this method 
in order to study the absorption of the separate 
fatty acids (27). 


CLINICAL FEATURES 


Chylothorax is a rare anomaly, arising when the 
pleural cavity of one or both lungs fills with chyle. The 
anomaly is caused by a lesion of a chyle vessel. The 
patient who gave us the opportunity of conducting this 
investigation was the third child of healthy parents; he 
was born on July 13, 1950. The other children were 
healthy. The mother’s pregnancy was uneventful; par- 
turition was normal. Directly following birth it was 
noticed that the patient had a swollen abdomen and a 
bilateral testicular hydrocele. When the boy was two 
months old, operation on a bilateral inguinal hernia 
(which had developed gradually) revealed that the swol- 
len abdomen was due to chyloascites. Seven months 
later, a right-sided chylothorax was found in addition. 
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The signs and symptoms of chylothorax and chyloas- 
cites alternated in predominance, without any operation 
being necessary, up to the age of nearly two years. Then 
he began to have attacks of dyspnea until he was ad- 
mitted to the hospital, because of the severity of the 
dyspnea, at the age of 22 months. 

On examination no other abnormalities were found 
apart from a barrel-shaped thorax and much fluid in the 
right pleural cavity. There was no fluid in the abdominal 
cavity. Feces, urine and blood were normal on morpho- 
logical and chemical examination. Liver function and fat 
balance were also normal (the latter had been disturbed 
only for a short period during and after an infection). 
Although the patient’s nutritional condition was not op- 
timal, his growth during his affection and after recovery 
from it was always normal. On the strength of these 
data the patient was regarded as a healthy child with a 
purely anatomical abnormality. It may therefore be 
assumed that the chyle of this patient was also normal. 

The right pleural cavity was drained weekly by as- 
piration during his eight months’ stay in the Pediatrics 
Department. The secretion of chyle into the pleural cav- 
ity diminished during the last few weeks of this period and 
had ceased completely at the end of the eight months. 
So far relapses have remained absent and, at the time of 
writing, the child is in good condition. 


The patient’s chyle came up to the requirements 
of Baldridge and Lewis (28): 1) its color was 


that of milk ; 2) a cream-like upper layer separated 
from the fluid at rest; 3) it was an emulsion of 
fine fat droplets; 4) its reaction was alkaline; 5) 
the fluid was sterile and not liable to decomposi- 
tion; 6) the fat content was usually high, varying 
between 0.4 and 4.0 per cent; 7) the protein con- 
tent was usually more than 3.0 per cent; 8) the 


fluid contained many lymphocytes. It appeared 
moreover that: the fat content of the chyle was de- 
pendent on the fat content of the diet; and, the 
fatty acid composition of the chyle fat was de- 
pendent on the fatty acid composition of the dietary 
fat. These relationships are characteristic of 
chyle and constitute proof that the fluid aspirated 
from the thoracic cavity was actually chyle. Re- 
sults of laboratory examinations are shown in 
Table I. 


EXPERIMENTAL 


Aim of the investigation 


The aim of the investigation was to study the rela- 
tionship between dietary fat and chyle fat, to arrive at 
conclusions on the absorption of fats in man, and to 
test these conclusions against the current theories on the 
mechanism of fat absorption. 


TABLE I 
Some characteristics of the patient’s chyle 








Number 
of deter- 
minations 


Range Average 





Cells (mainly mono- 
nuclears) (900—6000) 
(3.37-4.57) 
(1.79-2.54) 
(0.14-0.60) 
(0.77-2.31) 


Protein (Kjeldahl) 
Ibumin 

(a+8)-Globulin 

y-Globulin 


Cholesterol 
Cholesterol esters 


(90-230) 
(60-220) 


(3.7-4.2) 
(137-141) 
(4.5-4.8) 
(99-109) 
(4.9-5.1) 


4.0 mEq./L. 
140 mEq./L. 
4.7 mEq./L. 
103 mEq./L. 
5.0 mg. % 


Potassium 
ium 
Calcium 
Chloride 
Phosphorus 


— 
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Arrangement of the experiments 


On the strength of animal experiments and based on 
Munk’s investigations on a patient with a chylous fistula, 
it is to be expected that a great deal of the fat, under 
normal circumstances, is absorbed with the chyle. It is, 
therefore, possible to study the fat absorption, at any 
rate that via the lymph, by comparison of the composition 
of chyle fat with that of dietary fat. In contrast to for- 
mer investigations, it is now possible to compare the com- 
position of the chyle fat as a whole with that of the dietary 
fat, by means of separate quantitative determinations of 
all fatty acids. As not all intestinal chyle accumulates 
in the patient’s thorax, absolute measurement of the ab- 
sorption via the lymph was not possible. 

The natural fats, which are mixed triglycerides being 
composed of widely varying proportions of the fatty 
acids, n-octanoic to n-docosanoic, were administered to 
the patient in such a way that each time certain particu- 
lar fatty acids could be studied. When the patient was 
given butterfat, the emphasis fell on the short-chain 
fatty acids, n-tetranoic, n-hexanoic, and n-octanoic; when 
given margarine and coconut oil, n-octanoic, n-decanoic, 
and n-dodecanoic acid were preponderant. A synthetic 
fat, “capryl olive oil,” was administered to study the be- 
havior of n-octanoic acid more closely; cacao-butter was 
given to examine that of n-hexadecanoic and n-octadeca- 
noic acid; and finally a synthetic fat with hydrogenated 
herring oil was given to investigate the absorption of 
n-eicosanoic and n-docosanoic acid. 

The next step was to study the absorption via the 
lymph of some unsaturated fatty acids. By feeding sun- 
flower oil and linseed oil the absorption of A* ”-octa- 
decadienoic acid and A* * *-octadecatrienoic acid was in- 
vestigated, while the behavior of 4*-docosenoic acid was 
studied by the administration of rapeseed oil. Compari- 
son of the lymphatic absorption of olive oil and eldidinized 
olive oil enables us to investigate the absorption of A’- 
octadecenoic acid (both cis- and trans-isomers). 
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As the lymph was aspirated only once a week, the pos- 
sibility could not be excluded that some fatty acids might 
be absorbed from the thoracic cavity to a greater ex- 
tent than others. This is, however, unli'cely because the 
fatty acids are almost completely preseui as fat in the 
lymph. A differentiation is therefore impossible here 
and a specific absorption can therefore not be expected. 

It is possible that part of the fat is absorbed via the 
portal system and the liver. This was not investigated 
in the case concerned. The possibility should not be 
overlooked that some fat escapes absorption and is ex- 
creted in the feces. In order to keep a check on this the 
fat balance was always determined by the method of 
van de Kamer (29). 

The patient was kept on a diet with constant amounts 
of fats, proteins, and carbohydrates during most of the 
experiments. The daily diet consisted of: 


200 ml. protein milk} 
20 gm. rice flour 

20 gm. sugar 
400 ml. water 

50 gm. potato 

100 ml. tomato juice 


75 gm. green vegetable 
25 gm. lean meat 

16 gm. fat 

75 gm. banana 

50 ml. orange juice 


Vitamins A, D, B-complex ? and C were added to this 
diet. Stabilized ferrous chloride was also given per os. 
The amount of fat was 28 gm. per day; exceptions were 
made during some periods in which larger or smaller 
amounts were given. It was necessary during the last 
two months to increase the amounts of protein and car- 
bohydrate in order to meet the increasing caloric de- 
mands. 

The type of fat in the diet was changed every week, 
or group of weeks, by giving a protein milk and fat 
containing different kinds of glycerides, such as coconut 
oil or olive oil instead of butterfat. 

The chyle was collected by pleural puncture at the 
end of each week, and subsequently the pleural cavity 
was examined radiologically for the presence of chylous 
residues. Because of the possibility that a slight resi- 
due may influence the composition of the chyle during 
the following dietary period, a diet containing one kind 
of fat was usually given for two successive weeks. The 
composition of the chyle fat during the second week was 
considered the most representative. 


Methods 


The chemical investigation was carried out as fol- 
lows: All saturated fatty acids with the exception of 


1The protein milk was prepared by Nutricia, Ltd, 
of Zoetermeer, The Netherlands, and consisted of a base 
of buttermilk in which 5.5 gm. per 100 ml. butterfat, 
coconut oil, olive oil, etc. were emulsified without the 
addition of an emulsifier. In some periods the fat was 
emulsified in skimmed milk. 

“One tablet of Vitamin B-complex daily was admin- 
istered, containing: thiamin 5 mg., riboflavin 2 mg., 
nicotinic acid amide 20 mg., adermin 2 mg., and calcium 
pantothenate 3 mg. 
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n-tetranoic acid were quantitatively determined separately. 
Of the unsaturated fatty acids, only the poly-unsaturated 
ones could be determined individually by measurement 
of the absorption spectrum in ultraviolet light after alka- 
line isomerization. It was impossible to determine the 
mono-unsaturated fatty acids directly, either separately 
or in toto. The sum of the unsaturated fatty acids was 
computed by subtracting the total of the saturated fatty 
acids from the total of all fatty acids. The iodine num- 
ber also lent support to this calculation. With these re- 
strictions the fatty acid composition of each dietary fat 
could be compared with that of the corresponding chyle 
fat. The extraction and analyses of the fat from chyle, 
feces and blood were carried out by the methods of van de 
Kamer and his colleagues (30), using the analytical 
method of Boldingh (25, 26). A mixture of the ana- 
lytically pure saturated fatty acids, n-hexanoic to n-doco- 
sanoic, which contains of each fatty acid 2 to 8 mg., 
can be analyzed with this method so that each acid is 
estimated with an accuracy of about 5 per cent. The 
minimum amount which can be determined with this ac- 
curacy is 0.5 to 1.0 mg., depending on the molecular 
weight. 


RESULTS 


The chyle fat during a low-fat diet 


The chyle fat does not give an accurate impres- 
sion of the intestinal lymph fat because the chyle 
consists of a mixture of intestinal and non-intesti- 
nal lymph. This should be kept in mind when a 
comparison is made of the fatty acid composition 
of chyle fat with that of dietary fat. In other 
words, if the chyle fats are to be compared with 
the corresponding dietary fats, a correction must 
be made for the admixture with non-intestinal 
lymph fat. The composition of the fat in the non- 
intestinal lymph is unknown, but it may be as- 
sumed that chyle fat collected during a low-fat 
period is similar to non-intestinal lymph fat, be- 
cause the fat in the chyle during such a low-fat 
diet can not be of intestinal origin. The correc- 
tion factor was determined by analyzing the chyle 
fat of four low-fat periods. Both the fatty acid 
composition and the fat content of this chyle were 
practically constant in all the periods. From this 
it follows that the composition of the “corrected 
chyle fat” can be calculated by subtracting the 
non-intestinal fat from the chyle fat as found by 
analysis. Then the fatty acid pattern of the 
“corrected chyle fat” can be compared directly 
with that of the dietary fat. 

The patient was on a low-fat diet for four suc- 
cessive periods of a week each, the amounts of 
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Fic. 1. Lerr: CoMposiITION OF THE PATIENT'S CHYLE 
Fat Durinc a Low-Fat Diet (Less THAN 1 GM. Fat 
Datty For Four WEEKS). RIGHT: COMPOSITION OF THE 
Bioop Fat or THE Fastinc Patient (Durtinc A Diet 
CONTAINING RAPESEED OIL) 


Solid columns = saturated fatty acids. 
Striped columns = unsaturated fatty acids (U.F.A.) 


fat given being less than 1 gm. daily. The chyle, 
which was of a milky white color during a regimen 
with normal quantities of fat (28 gm. daily), be- 
came transparent during the low-fat diet; in ap- 
pearance it resembled blood plasma. The fat 
content of the chyle fell markedly, from 3.7 to 
about 0.6 gm. per cent. 

Figure 1 shows the composition of the chyle fat 
during a low-fat regimen. For purposes of com- 
parison the fatty acid pattern of the blood fat of 
the fasting patient during another dietary period is 
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also given. There is a striking resemblance be- 
tween the two fatty acid patterns (31). This does 
not imply that the forms in which these fatty 
acids occur (triglycerides, phospholipids, and cho- 
lesterol esters) are also similar. Table II shows 
that during the first period of the low-fat diet there 
was still an admixture with “high-fat” chyle from 
the preceding margarine period. In the three fol- 
lowing periods, however, the chyle was character- 
ized by a constant low fat content and a constant 
fatty acid composition. The iodine number of 
this chyle fat was as high as that of the fat of the 
blood serum of the fasting patient (see Figure 1). 


Table II also shows the composition of the chyle fat 
of a patient with chyloascites from the Hospital for 
Sick Children, Great Ormond Street, London. The chyle 
of this nine-month-old patient was collected during a low- 
fat diet and was put at our disposal by Drs. W. W. 
Payne and A. Norman. It appears from these data that 
the fatty acid pattern of the chyle from their patient 
shows a resemblance to that of the “low-fat” chyle from 
ours (see Table II). 


The chyle fat during a diet containing butterfat, 
coconut oil or margarine 


The dietary fats and the chyle fats were analyzed 
in the usual manner, while the n-tetranoic acid con- 
tent was determined separately by the method of 
Fairbairn and Harpur (32). The results are 
shown in Figure 2. The figures on the left show 
the percentage composition of the dietary fat in 
comparison with the “corrected” composition of 
the chyle fat. Those on the right give curves of 
the lymphatic absorption coefficient of each fatty 
acid of the dietary fat. These coefficients were cal- 


TABLE II 


The per cent of fatty acids in the ba from the chylothorax and chyloascites of our patient 
and the London patient, respectively 








Chylothorax patient i 
Chyloascites 





Margarine diet 
28 gm. per day II Ill 


Fatty acid 


Low-fat diet patient 





Low-fat diet 


a 





n-Decanoic (Cio) 1 
n-Dodecanoic (Ci) 10 
n-Tetradecanoic (Cy) 9 
n-Hexadecanoic (Cis) 19 
n-Octadecanoic (Cis) 6 
n-Eicosanoic (Coo) — 
Total unsaturated fatty acids 55 
Iodine number 64 
Total fat content of chyle, in per cent 3 
Coefficient of fat absorption, in per cent 96 
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Fic. 2. Lerr: Composition oF Dietary FAT AND OF 
Cuyte Fat (CorrectED) puRING Diets COoNTAINING 
RESPECTIVELY Butter Fat, Coconut Om AND Mar- 
GARINE. RIGHT: COEFFICIENTS OF LyMPHATIC ABSORP- 
TIon (C.L.A.) oF THE SATURATED AND UNSATURATED 
Fatty AcIps 

Solid columns = saturated fatty acids in dietary fat. 

Open columns = saturated fatty acids in chyle fat. 

Striped columns = unsaturated fatty acids in dietary fat. 

Stippled columns = unsaturated fatty acids in chyle fat. 

_————QO = “corrected values.” 
@ = “uncorrected values.” 


culated by determining the percentage of each fatty 
acid of the dietary fat which was recovered in the 
chyle. This percentage is called the “coefficient of 
lymphatic absorption” (C.L.A.) of the fatty acid. 
We are, of course, quite aware that these absorp- 
tion coefficients do not indicate the total absorp- 
tion of a given fatty acid via the lymph because 
the drainage of chyle from the patient was only 
partial. Only about 10 per cent of the fat from 
the food is recovered as chyle fat. This quantity, 


which was about 15 gm. chyle fat per diet period, 
is large enough for the calculation of the C.L.A. 
of each fatty acid as follows: 


__ mg. fatty acid in chyle 
CLA. = mg. fatty acid in food 





x 100 


These figures, therefore, merely indicate how much 
fatty acid of the dietary fat was found in the as- 
pirated chyle, which was only part of the total 
chyle. The C.L.A.’s, however, permit comparison 
of the various fatty acids with each other with 
respect to their lymphatic absorption. 

The diagrams demonstrate a resemblance be- 
tween the composition of the chyle fat and the 
dietary fat. This holds true for butterfat, coco- 
nut oil, and margarine. On closer consideration, 
however, certain differences become clearly mani- 
fest when the various C.L.A.’s are taken into ac- 
count (see the graph on the right). n-Tetranoic, 
n-hexanoic and n-octanoic acid are completely ab- 
sent in the chyle; the C.L.A. of n-decanoic acid 
is 3 to 5 per cent; of n-dodecanoic acid 7 to 10 
per cent; of n-tetradecanoic acid somewhat more, 
just as for n-hexadecanoic and n-octadecanoic 
acid. In this way it is demonstrated that the 
C.L.A. increases when the chain length of the 
fatty acids increases. The unsaturated fatty acids 
are absorbed as well as or somewhat better than 
the saturated n-tetradecanoic, n-hexadecanoic, and 
n-octadecanoic acids. 


The chyle fat during a diet containing “capryl 
olive oil” 


As it was a very striking feature that the short- 
chain fatty acids, n-tetranoic, n-hexanoic, and n-oc- 
tanoic, were not found in the chyle when the pa- 
tient was given margarine, butter, or coconut oil, 
it was of importance to verify this observation by 
administering one of these fatty acids in a greater 
amount in the form of triglyceride. The follow- 
ing data gathered from the literature are given for 
purposes of comparison. Kiyasu, Bloom, and 
Chaikoff (33) administered to rats 1-C**-labelled 
n-decanoic acid dissolved in maize oil. The lym- 
phatic absorption of this free fatty acid was only 
7 to 19 per cent. Frazer used tributyrine (the 
triglyceride of n-tetranoic acid) which was not 
found in the chyle after administration to rats. 
One should, however, be cautious in drawing con- 
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clusions from these experiments because a free 
fatty acid was used in the first experiment, which 
is an unphysiological procedure. In the second 
experiment a single triglyceride was employed, 
not to be compared with the natural fats which are 
composed of mixed triglycerides. Moreover, in 
contrast to the other long chain fatty acids, n-tetra- 
noic acid is very readily soluble in water. Apart 
from these objections the experiments show at 
most that some short-chain fatty acids are not ab- 
sorbed in the chyle or absorbed only to a very 
slight degree. We observed the same phenomenon 
in the absorption of mixed triglycerides in which 
the short-chain fatty acids, n-tetranoic, n-hexanoic 
and n-octanoic acid, from margarine, butterfat, and 
coconut-oil were also absent in the chyle. At the 
same time, however, the long-chain fatty acids 
were demonstrated in the chyle. This can only be 
explained by hydrolysis of the dietary fat. 

In the experiment described below, a fat was 
chosen which would clearly show whether or not 
hydrolysis occurred. Use was made of “capryl 
olive oil,” a fat containing 46 per cent n-octanoic 
acid. This was prepared by subjecting a mixture 
of equal parts of olive oil and tricapryline, the 
triglyceride of n-octanoic acid, to alkaline re- 
esterification. In this way a mixed triglyceride 
was formed in which each molecule contained at 
least one n-octanoic acid group.’ This “capryl 
olive oil” was given to the patient in the usual 
quantities (28 gm. daily) for one week. The fat 
balance was normal during this period (absorption 
coefficient 98 per cent). The fat content of the 
chyle also retained a normal value (2.1 per cent). 
This proves that the fat absorption in general, as 
well as the lymphatic absorption in particular, was 
normal. For these reasons this experiment with 
a synthetic fat may be considered a physiological 
one. 

Figure 3 shows that the chyle fat contained only 
4 per cent n-octanoic acid in contrast to the dietary 
fat which contained 46 per cent of this acid. The 
C.L.A. of n-octanoic acid is only 0.70 per cent, 
while that of A®-octadecanoic acid is 8.6 per cent. 
These experiments therefore confirm the findings 


8 The composition of the “capryl olive oil” was calcu- 
lated as: 27.5 mol. per cent tricapryline; 44.3 mol. per 
cent “dicapryl olive oil ;” 23.9 mol. per cent “monocapryl 
olive oil ;” and 4.3 mol. per cent olive oil. 
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Fic. 3. Composition or Dietary Fat AND OF CHYLE 
Fat (Correctep) Durinc a Diet ConTAINING “CAPRYL 
OLIvE O11” 


Solid columns = saturated fatty acids in dietary fat. 
Open columns = saturated fatty acids in chyle fat. 
Striped columns = unsaturated fatty acids in dietary fat. 
Stippled columns = unsaturated fatty acids in chyle fat. 


when butterfat, coconut oil, and margarine are 
used. 

As n-octanoic acid was found in the chyle in 
only slight amounts, while the “capryl olive oil” 
was well absorbed (the fat balance was normal), 
it seemed acceptable that this fatty acid was ab- 
sorbed via the portal vein or converted in the in- 
testinal wall (< 12.5 mg. per cent octanoic acid). 
Whether n-octanoic acid could be demonstrated 
in the blood was therefore investigated. Three 
and one-half hours after an oral dose of 28 gm. 
“capryl olive oil” (i.e., the whole amount for one 
day) venepuncture was carried out and the blood 
fat analyzed. n-Octanoic acid could not be dem- 
onstrated in it, and it may therefore be concluded 
that n-octanoic acid does not pass the liver as such 
but is converted in the intestine or liver. 


The chyle fat during a diet containing cacao-butter 
and hydrogenated herring oil with peanut oil 


In order to study in more detail the lymphatic 
absorption of the saturated fatty acids, n-hexa- 
decanoic, n-octadecanoic, n-eicosanoic and n-do- 
cosanoic, experiments were carried out with cacao- 
butter, a fat containing 25 per cent n-hexadecanoic 
and 35 per cent n-octadecanoic acid, and with a 
hydrogenated herring oil (re-esterified with pea- 
nut oil so that the melting point was 42°C.), a fat 
containing 8 per cent n-eicosanoic and 8 per cent 
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n-docosanoic acid. No conclusions can be drawn 
regarding the absorption of n-hexadecanoic and 
n-octadecanoic acid because the cacao-butter diet 
was preceded by a period during which the patient 
suffered from enteritis. Although he seemed 
clinically cured, there was still present a steator- 
rhea (absorption coefficient = 80 per cent), the 
fat of which contained much hexadecanoic and 
n-octadecanoic acid. The low coefficient of ab- 
sorption of cacao-butter might be caused by the 
high percentage of stearic acid in this fat, viz. 35 
per cent. This is in accordance with the results 
of Bloom, Chaikoff, and Reinhardt (23) who 
found that only 36 to 54 per cent of stearic acid, 
as free fatty acid dissolved in corn oil, is absorbed 
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by the rat, in contrast to at least 80 per cent of 
shorter chain fatty acids. 

It can only be deduced that n-eicosanoic (C,,) 
and n-docosanoic (C,,) acids are absorbed through 
the lymph. It was, however, impossible to cal- 
culate the degree of this absorption because the 
chyle production had fallen markedly during this 
period, owing to the patient’s spontaneous re- 
covery. 


The chyle fat during diets containing fats with un- 
saturated fatty acids 


In order to study more closely the absorption of 
various unsaturated fatty acids, A®*-octadecenoic 
acid (cis and trans-isomers), A® **-octadecadienoic 
acid, A® 1% 1®-octadecatrienoic acid, and A**-docos- 
enoic acid, experiments were carried out with olive 
oil (containing cis-A®-octadecenoic acid), elaidi- 
nized olive oil (containing trans-A*-octadecenoic 
acid), sunflower seed oil (containing A® **-octa- 
decadienoic acid and A®** ®-octadecatrienoic 
acid), linseed oil (idem) and rapeseed oil + pea- 
nut oil (containing A**-docosenoic acid). The re- 
sults are represented in Figure 4. In all cases 
there was a great degree of resemblance between 
the composition of chyle fat and dietary fat. 


Summary 


The results of the entire investigation are com- 
prised in Figure 5. The composition of the chyle 
fat remained practically unchanged in successive 
periods when the same dietary fat was given. On 
the other hand, when a change was made in the 
dietary fat a simultaneous change in the chyle fat 
was observed. The similarities and differences 
between the dietary fat and the corresponding 
chyle fat are also evident in the Figure. 


DISCUSSION 


Experiments have indicated that the fatty acid 
pattern of the chyle fat differs from that of the 
dietary fat. 

Of the saturated fatty acids, n-tetranoic and 
n-hexanoic are not present in the lymph, while 
n-octanoic is found only to a very slight degree, 
even if this fatty acid is present in large amounts 
in the dietary fat. n-Decanoic acid is found in the 
lymph but its absorption is less than that of 
n-dodecanoic, n-tetradecanoic, n-hexadecanoic, and 
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n-octadecanoic. The four last-mentioned fatty 
acids are absorbed practically to the same extent. 
This can be deduced from Figure 6 which shows 
the coefficients of lymphatic absorption (C.L.A.) 
of the saturated fatty acids of various fats. The 
lines run closely parallel in the same direction 
which proves clearly that the C.L.A.’s of n-hexa- 
noic, n-octanoic, n-decanoic, and n-dodecanoic 
acid increase as the carbon chains become longer. 

In order to compare the C.L.A.’s of the fatty 
acids in the various periods, it is necessary to 
eliminate the differences in the production of 
chyle during these periods (see Figure 7). Al- 
though some objections may be raised to this 
procedure, the fatty acids found in the chyle were 
recalculated for a standard chyle production of 
500 ml. per week. This seems to be justifiable 
since the fat content of the chyle was independent 


of the quantity of chyle produced per week and 
also because the amount of chyle was independent 
of the nature of the dietary fat. The diminution 
of the quantities of chyle aspirated weekly was due 
to the patient’s spontaneous recovery. 

The various unsaturated fatty acids were ab- 
sorbed well. The C.L.A.’s of these fatty acids are 
of the same order as those of the saturated fatty 
acids, n-tetradecanoic, n-hexadecanoic, and n-octa- 
decanoic. 

It follows from the difference in lymphatic ab- 
sorption of the saturated fatty acids, n-octanoic, 
n-decanoic, and n-dodecanoic, that the dietary fat 
must be hydrolyzed at least partially during ab- 
sorption. Otherwise, if dietary fat was absorbed 
without hydrolysis, there would be no difference 
in the absorption coefficient of the three men- 
tioned fatty acids. 
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Thus the results of the experiments with butter, 


margarine, and coconut oil may be explained by 


hydrolysis of part of the dietary fat. The other 
part of it might pass through the intestinal wall 
as triglyceride and be absorbed with the chyle. 
In the experiment with “capryl olive oil” almost 
every molecule of fat must have been hydrolyzed, 
as Figure 5 shows that the C.L.A. of n-octanoic 
acid is only 0.7 per cent, while the coefficient for 
the longer chain fatty acids of this fat amounts 
to 8.6 per cent. 


mi Chyle 


The result of the very low lymphatic absorption 
of n-octanoic acid is also clearly manifest on 
comparison of the composition of dietary fat. 
The dietary fat contained 46 per cent n-octanoic 
acid while only 4 per cent of this acid was re- 
covered in the chyle fat. The practical absence 
of n-octanoic acid in the chyle fat can only be ex- 
plained by the assumption of a hydrolytic break- 
down of almost every molecule of fat because 
each fat molecule contains an n-octanoic acid 
group. This hydrolysis, however, is not conceiv- 
able when the fat is present in the intestine in the 
form of tiny globules as the lipase cannot act on 
each fat molecule under these circumstances. 

On the strength of the above considerations 
(“capryl olive oil”), the assumption that practi- 
cally every triglyceride molecule undergoes hy- 
drolysis does not imply that each fat molecule is 
hydrolyzed completely (1-2) ; it is quite possible 
that only one or two molecules of fatty acid are 
split off, so that mono- and diglycerides are 
formed. 

It may be that the intestine possesses the ability 
of dealing with a fat, molecule by molecule. 
Hence the following differentiation might be pos- 
sible : 


1. Certain fats might be absorbed almost with- 
out hydrolysis, e.g., the greater part of the mark- 
edly unsaturated fats, olive oil, sunflower seed oil, 
linseed oil, and rapeseed oil. 

2. Other fats must first be hydrolyzed com- 
pletely or partially, viz. the fats containing short- 
chain fatty acids. After resynthesis, transport to 
the chyle follows, but the liberated short-chain 
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ABSORPTION OF FATS IN A CHILD WITH CHYLOTHORAX 


fatty acids are converted in the liver or in the in- 
testinal cells. This may be the case in the ab- 
sorption of “capryl olive oil,” butter, margarine, 
and coconut oil. 


This hypothesis concerning the absorption of 
fats implies that the droplets of the fat emulsion 
in the intestine (3-12) disintegrate into mole- 
cules during absorption, with, if necessary, a se- 
lection of the fatty acids of which these molecules 
are built up. The fat droplets in the chyle are con- 
sequently of a different composition from the fat 
droplets of the dietary fat in the intestinal lumen, 
unless we are dealing with the absorption of the 
unsaturated fats. 


A selective splitting off of special fatty acids from the 
fat droplets is hardly probable, the more so because these 
are surrounded by a layer of mono- and diglycerides (3- 
12). Frazer’s view that the fatty acids n-tetranoic to 
n-decanoic are removed selectively from the fat droplets 
after hydrolysis, owing to their solubility in water, is de- 
batable, because only the solubility of n-tetranoic acid in 
water is very high, while those of n-hexanoic, n-octanoic 
and n-decanoic acid decrease successively with rapidity. 
The above selection may take place in the intestinal con- 
tents or in the intestinal cells. 


CONCLUSIONS 


It may be stated that the nature of a dietary 
fat decides whether or not it is hydrolyzed in the 
intestinal lumen and subsequently partially re- 
synthesized to chyle fat in the intestinal wall. If 
there is a hydrolysis followed by resynthesis, these 
processes are such that the degree of lymphatic 
absorption is different for each fatty acid. This 
means that the absorption mechanism is accom- 
panied by considerable selective capacity. Selec- 
tion of triglycerides or fatty acids, however, is 
only possible if the fat droplets, each actually con- 
sisting of millions of molecules, disintegrate. 

On the strength of this idea it is conceivable 
that some dietary fats (olive oil, sunflower seed 
oil, etc.) pass more or less unchanged into the 
chyle, and that in the case of other fats (butter, 
coconut oil, margarine, etc.) the fatty acid pat- 
tern of the chyle fat differs considerably from 
that of the dietary fat. 


SUMMARY 


The absorption of fat via the lymph was studied 
in an otherwise healthy child with chylothorax by 
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administering various dietary fats during two- 
week periods and comparing the fatty acid com- 
position of dietary fat and chyle fat. 

It appeared that the various fatty acids were 
not absorbed to the same extent. n-Hexanoic, 
n-octanoic and n-decanoic acid were not found, or 
found to only a slight degree, in the chyle. This 
was confirmed with an especially prepared fat, 
“capryl olive oil,” containing 46 per cent n-octa- 
noic acid, 

The following hypothesis was evolved, based 
on the experiments described: Certain fats may 
be absorbed almost without hydrolysis, e.g., the 
greater part of the markedly unsaturated fatty 
acids (such as olive oil, sunflower seed oil, and 
rapeseed oil). Other fats must first be hydrolyzed 
completely or partially, viz., the fats containing 
short-chain fatty acids, such as butter, coconut 
oil, and “‘capryl olive oil.” In the latter case this 
hypothesis cannot be reconciled with Frazer’s 
theory of particulate absorption. 
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The mechanism by which the kidney conserves 
sodium and chloride in the face of a suddenly 
diminished dietary intake has been the subject of 
much investigation (1-4). The possible impor- 
tance of defining this mechanism more adequately 
was emphasized by the claim that in hypertensive 
subjects the response to dietary salt withdrawal 
differs from the response in normal subjects. 
Perera and Blood (5) suggested that the kidneys 
of hypertensive subjects are capable of retaining 
salt more efficiently than the kidneys of individu- 
als with normal blood pressures (either as a re- 
sult of primary renal changes or of changes medi- 
ated by the adrenal cortex), and this has been 
interpreted as evidence that the adrenal cortex in 
hypertensive subjects is abnormal with regard to 
the hormone or hormones which influence the 
renal tubular reabsorption of salt (6). We have 
attempted to detect an adrenal response to a de- 
crease in sodium intake and the results are re- 
ported elsewhere (7). This provided an oppor- 
tunity for re-investigating, in normotensive and 
hypertensive subjects, other aspects of the response 
to sudden and almost complete withdrawal of so- 
dium chloride from the diet. In view of the 
figures reported by Perera and Blood (5), ob- 
servations were made on the change in body 
weight and volume of urine excreted in the first 
twenty-four-hour periods after salt withdrawal. 
Changes in the urinary excretion of sodium, po- 
tassium, chloride, and nitrogen under these condi- 
tions were estimated. A few estimations of the 
fecal excretion of sodium, potassium, and nitrogen 
were also carried out. 


Subjects 


Six normotensive and six hypertensive hospital pa- 
tients were used in this study. The former included four 
patients who had been admitted for relatively trivial 
complaints (i.e, hemorrhoids, mild upper respiratory 
infection, dyspepsia, prolapse of intervertebral disc pro- 
ducing mild sciatica) and who had recovered prior to 


the period of investigation, and two subjects who were 
not suffering from any disease, and in whom there was 
no known family history of hypertension. The relevant 
clinical data of these subjects are given in Table I with 
similar data for the hypertensive cases. These latter 
subjects were patients in whom essential hypertension 
had been found either incidentally in the course of a 
general physical examination or who had been referred 
to hospital for insomnia or headaches. All subjects were 
within the range for ideal weight as given by the 
Metropolitan Life Insurance Company. No evidence of 
heart failure or other disease process was present in any 
subject and renal function, as tested by the capacity to 
dilute and concentrate urine maximally and by estima- 
tion of glomerular filtration rate using the clearance 
of inulin or creatinine, was within normal limits. Pro- 
tein was not detected in the urine of any subject and 
the blood urea nitrogen was normal in all cases. The 
ages of both the hypertensive and normotensive groups 
were comparable and the sex distribution was similar. 


Diet 


All subjects were fed a completely constant diet 


throughout the period of investigation. This con- 


TABLE I 


Relevant clinical daia 








Mean blood pressure with range of 
daily observations taken over 7 
to 10 days during period 
with salt supplement 





Systolic 


Diastolic 
Sex mm. Hg 


mm. Hg 





Hypertensive subjects 


220 + 15 
205 + 15 
1524 8 
169 + 10 
160 + 10 
167 + 13 


Normal subjects 


110 + 
137 + 
115+ 
118 + 
130 + 
120 + 
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sisted of measured amounts of rice, sugar, salt-free 
bread, salt-free butter, jam, fruit and fruit juice, tea, 
drinking water, and one egg daily. Additional protein 
was provided by giving a fixed amount of Casilan (Glaxo) 
which is virtually sodium and chloride free. The total 
amount of food consumed differed from subject to sub- 
ject according to the weight and size but was con- 
stant for each subject from day to day and its caloric 
value ranged from 1500 to 2500. Thirty to fifty grams 
of protein was provided by the Casilan and the total pro- 
tein content of the diet ranged from 50 to 70 gm. per day. 
The calories in the diet were adequate to maintain weight 
and all subjects were in nitrogen balance. The daily 
intake of potassium in such a diet is almost entirely de- 
pendent upon the amount and nature of fruit and fruit 
juice consumed. In order that this should remain con- 
stant it was found necessary to keep the type of fruit 
eaten by the patient the same throughout, and a given 
batch of canned juice was used for each patient. Batch 
differences are responsible for variations in the intake of 
potassium between patients and in three cases in which 
the intake was low, additional amounts of potassium 
were given by adding fixed amounts of potassium citrate 
to the juice (hypertensive case No. 6 and normotensive 
cases No. 4 and 6). The sodium content of the diet was 
8 mEq. per day. 


Plan of experiments 


During the course of the experiments all subjects 
were allowed out of bed for toilet purposes and for a 
few hours in the afternoons. The diet was supple- 
mented by capsules of sodium chloride, 3 to 6 gm. of 
which was eaten throughout each day. This was con- 
tinued until the excretion of the electrolytes under study 
in the urine became stabilized, i.e., after 4 to 5 days of 
the diet. The capsules were omitted from the diet after 
a stable control period of from 7 to 14 days, the patient 
continuing to eat the diet until the end of the experiment. 
Twenty-four-hour collections of urine were analyzed and 
blood was withdrawn at intervals for analysis. In four 
cases analysis of fecal electrolytes was done. 
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Methods 


Serum, urinary and fecal sodium and potassium were 
measured in a Barclay Flame Photometer using lithium 
as an internal standard. Chloride was estimated by Van 
Slyke’s method (8) and total urinary nitrogen by the 
micro-Kjeldahl method. Subjects were weighed in a 
beam balance accurate to 50 gm. prior to breakfast and 
after micturition. 


RESULTS 
1. Body weight and urine volume 


During the control period of 7 to 14 days the 
body weight of all subjects showed small day-to- 
day variations without any systematic trend in 
either direction. Changes in body weight after 
24 and 48 hours of withdrawal of sodium chloride 
from the diet of both normal and hypertensive 
subjects are shown in Table II. The change in 
the urine volume during the first 24 hours after 
salt restriction is also shown. The variation in 
each group is considerable and the data overlap 
to a large extent in the two groups. The absolute 
fall in weight for the normal subjects ranges from 
0.10 to 0.60 Kg. (0.13 to 0.83 per cent of body 
weight) and for hypertensive subjects the weight 
loss ranges from 0 to 0.35 Kg. (0 to 0.43 per 
cent body weight). The mean changes are not 
significantly different (P = 0.2). Relatively com- 
parable and slightly larger losses were observed 
after 48 hours of salt restriction. Alterations in 
the volume of urine excreted in the 24 hours af- 
ter salt restriction are also shown in Table II. 
The average changes in the two groups, + 242 
ml. and + 227 ml., are not significantly different 
(P=09). 


TABLE II 


Changes in body weight, Kg., and in urine volume, ml., 24 and 48 hours after salt restriction 








Normotensive subjects 


Hypertensive subjects 





Absolute body 
weight change 

Kg. % Wt. 
change 
24 hrs. 


24 hrs. 48 hrs. 





Absolute body 
weight change 
Kg. % Wt. 
change 
48 hrs. 24 hrs. 





24 hrs. 





—.25 
—.50 
—.15 
—.10 
—.20 
—.60 


—.55 
— .80 
—.70 
—.70 
—.70 
—.10 


—.34 
—.75 
— .36 
—.13 
—.23 
— .83 
—.30 


—.59 —.44 


—.10 
0 
—.15 
—.10 
—.35 
—.25 


40 —.17 
.20 0 

85 —.26 
35 —.21 
— 43 
—.42 


= 
$s 


—.16 —.25 


in 
NS) 








THE WITHDRAWAL OF SODIUM CHLORIDE FROM THE DIET 


TABLE III 


Urinary excretion of sodium 








Cumulative negative 
Na balance after salt 
withdrawal as a 
result of continued 


urinary loss 
(more than 10 mEq./day) 


Number of days over 
Na in urine in 1st which urinary excretion 
24 hrs. after salt of sodium remain 
withdrawal as % of over 10 mEq./day 
mean 24-hr. excretion after salt withdrawal 
in control period mEq. 


Mean 24-hr. urinary 
excretion Na prior 
to salt withdrawal 

mEq./24 hrs. 





Hypertensive subjects 


70.5 
97.8 
81.8 
96.3 
43.4 
79.2 
78.2 


Normal subjects 


74.3 
90.1 
63.5 
118.4 
83.2 
86.5 
86.0 





2. Electrolytes for the normotensive and hypertensive subjects are 
not significantly different. After twenty-four 
hours of salt restriction, the average excretion of 
sodium in the urine fell to 78 per cent and 86 per 
cent of the amount excreted in the control period 
for the hypertensive and normotensive groups, 
respectively, The twenty-four-hour urinary loss 
of sodium was reduced to 5 to 10 mEq. in an aver- 
age of nine days by the hypertensive subjects and 
in an average of seven days by the normotensive 
subjects after dietary salt restriction. These fig- 
ures are not significantly different. The total 
cumulative negative sodium balance which de- 
veloped as a result of continued urinary loss in 
that time averaged 159 mEq. for the hypertensive 
subjects and 204 mEq. for the normotensive cases. 
This difference is not statistically significant (P = 
0.3). 

Urinary chloride: Similar and nearly identical 
figures were obtained from estimations of urinary 
chloride in both groups and when they were ana- 
lyzed in a similar way no marked difference was 
detectable between the two groups. It is of in- 
terest that calculations of water loss based upon 


Urinary sodium: Following the withdrawal of 
salt from the diet, the amount of sodium and chlo- 
ride excreted in the urine rapidly diminished over 
the ensuing few days until it reached a level of be- 
low 10 mEq. per day. Thereafter the body was in 
only slight negative sodium balance as a result of 
continued small losses of sodium in the feces, 
sweat, and urine. The response to withdrawal 
of salt from the diet in the two groups of sub- 
jects is compared in Table III, in which con- 
sideration is given to three points, namely 1) the 
amount of sodium remaining in the urine during 
the first twenty-four hours after withdrawal of 
salt, 2) the number of days over which the urinary 
excretion remained above 10 mEq. per day and, 
3) the total sodium deficit which developed as a 
result of continued urinary excretion during the 
days of marked negative balance following salt 
withdrawal. In this way the speed (and effi- 
ciency) with which the kidney responds to the 
sudden change in sodium intake is directly com- 
pared in the normotensive and hypertensive sub- 
jects. 


It is seen that the mean urinary excretion of so- 
dium prior to salt withdrawal is comparable in the 
two groups. Although there is some individual 
variation, the average figures for the three criteria 


total chloride deficits and serum concentrations, 
and assuming the losses of electrolytes to be ex- 
tracellular, account for 60 to 100 per cent of the 
body weight loss over the period. 
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The horizontal line represents the mean excretion dur- 
ing the control period. 


Urinary potassium: Following the withdrawal 
of salt from the diet and during the time when the 
urinary excretion of sodium was rapidly dimin- 
ishing, a temporary increase in the excretion of 
potassium in the urine in both normal and hyper- 
tensive subjects was regularly noted. The in- 
crease was maximal about the time when the 
amount of urinary sodium was approaching 10 
mEq. per L. but its time of onset and its duration 
varied from individual to individual. Figures 1 
and 2 illustrate these changes in urinary excretion 
and Table IV provides a summary of the data for 
five normal and six hypertensive subjects studied 
in this way. The number of days over which the 
excess potassium was detected in the urine and 
the total cumulative increase in urinary potassium, 
which represents negative potassium balance, are 


given. Although the variation from case to case 
is considerable, no subject was observed in whom 
an increase in urinary potassium was not seen and 
no significance can be attached to the slight dif- 
ferences in the mean figures for the two groups 
of cases. The average urinary potassium excre- 
tion in both groups is comparable and the average 
total cumulative potassium loss as a result of in- 
creased urinary excretion amounts to 77 mEq. 
for the hypertensive subjects and 62 mEq. for the 
normotensive cases. 

Serum electrolytes: Repeated estimations of the 
concentration of serum sodium, chloride, and po- 
tassium and of the packed cell volume prior to re- 
striction of sodium chloride and for 30 days after 
its withdrawal did not reveal significant alterations. 
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TABLE IV 
Urinary excretion of potassium 








Total cumula- 

tive K loss 
duri: 
K 


Days after 
salt withdrawal 
during which 
negative K 
balance 
occurred 


negative 


lance 
after salt 
withdrawal 


mEq. 





Hyperiensive subjects 


2nd-10th 
5th-18th 
1st — 9th 
3rd— 7th 
3rd— 4th 
1st - 7th 
2nd- 9th 


7th—12th 
1st — 9th 
2nd- 4th 
2nd 

1st — 6th 
3rd— 7th 





Fecal electrolytes: The fecal excretion of so- 
dium, potassium, and chloride was determined 
in only four cases for a few days in the control 
period and after salt restriction. The excretion 
by this route was small in relation to the urinary 
losses and as might be expected, was not influ- 
enced by salt restriction. 

Nitrogen: No consistent or significant alteration 
in the urinary excretion of nitrogen in the urine 
was observed throughout the control period or 
during the phase of negative sodium or potassium 
balance in any of the twelve subjects. The day-to- 
day variation in nitrogen excretion in any indi- 
vidual case was small and any appreciable change 
related to the alterations in electrolyte balance 
could have been detected. The significance of 
this constancy is discussed in relation to the al- 
terations in potassium balance below. 


DISCUSSION 


The results obtained by Perera and Blood (5) 
appeared to establish the existence of a very clear 
difference in the response of normotensive and 
hypertensive subjects to salt withdrawal. This 
difference took the form of a significantly smaller 
fall in weight on the part of the hypertensives in 
the first twenty-four hours after withdrawal of 
salt from the diet and was associated with a 
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smaller total twenty-four-hour urinary volume. It 
seemed likely that such differences in weight oc- 
curring acutely after salt withdrawal were due to 
alteration in water and salt content of the body, 
and Perera and Blood stated that “calculation of 
sodium and chloride clearances in two control 
subjects and two hypertensive patients showed 
little change in the non-hypertensive individual 
following salt restriction but a definite reduction 
in clearance values in patients with elevated blood 
pressure.” Our results show that there is con- 
siderable individual variation in the weight and 
urinary volume changes during the first twenty- 
four and forty-eight hours after the withdrawal 
of salt but that there is no consistent difference be- 
tween the normotensive and hypertensive groups. 
This occurred in spite of the rigid control of die- 
tary intake and uniformity of the conditions under 
which the experiments were conducted. It is pos- 
sible that the number of cases studied from this 
point of view is too small to demonstrate any slight 
difference that might exist between such groups. 
The results obtained by Thomas, Howard, and 
Isaacs (9) with 83 medical students suggest that 
this might be the case, though their results are 
difficult to interpret because of the absence of con- 
trol hypertensive subjects of comparable age. It 
is reasonable to conclude, however, from both our 
own results and those of Thomas, Howard, and 
Isaacs that any difference in response, if it exists 
at all, is slight. 

The response in relation to the immediate re- 
duction in the urinary excretion of sodium chlo- 
ride, the total sodium chloride deficit and the 
number of days required to establish near sodium 
balance in the two groups is a more reliable dem- 
onstration of the close similarity in behaviour in 
hypertensive and normotensive subjects. These 
observations over several days are likely to be 
more accurate than total body weight changes in 
twenty-four hours, and if the latter possess any 
physiological significance it is likely to be re- 
vealed in such observations. The similarity in 
the response as judged by these studies lends no 
support to the view that the hypertensive sub- 
ject reacts very differently from the normal. In 
view of the fact that the serum sodium and chlo- 
ride concentrations show no detectable alteration 
within the first 14 days of salt restriction, the 
present data do not support the idea that the re- 
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nal clearance of sodium or chloride is significantly 
different in the two groups, as suggested by Perera 
and Blood, on the basis of studies in two cases. 
In addition, and contrary to the observations of 
these workers, none of our subjects complained of 
symptoms suggestive of salt depletion throughout, 
the entire experimental period. A possible ex- 
planation of the differences between our results 
and those of Perera and Blood may perhaps 
be found in our more rigid control of salt intake 
before the period of salt deprivation. We found 
that the urinary excretion of electrolytes and ni- 
trogen became stable after a period of 4 to 5 days 
of the diet and a further control period of 7 to 
14 days was then undertaken before withdrawing 
salt. The cases studied by Perera and Blood were 
given the experimental diet for only two days 
prior to salt restriction. It is evident from the 
data of these authors that only five out of eleven 
subjects in which it is possible to make any esti- 
mate of balance were, in point of fact, in chloride 
balance on the day prior to salt withdrawal. Three 
out of four of the normal subjects excreted chloride 
in the urine considerably in excess of estimated 
intake while three out of seven hypertensive sub- 


jects excreted considerably less chloride in the 
urine than was ingested, no hypertensive subject 


apparently being in negative balance. Further- 
more, the published data are not consistent with 
the statement that no change in the clearance of 
chloride occurs in the hypertensive subjects since, 
in the absence of any change in serum concentra- 
tions, constancy of clearance would only result 
from constancy in chloride excretion after salt 
restriction, and the data do not show such con- 
stancy. 

The dangers of interpreting observed differ- 
ences in the rate of salt or water excretion or in 
body weight changes in terms of abnormal adreno- 
cortical activity are considerable. It is possible 
that, among other factors, minimal and sub-clini- 
cal degrees of cardiac insufficiency might alter the 
response to salt withdrawal in ambulant subjects 
in the direction observed by Perera and Blood. 
On the other hand, it is difficult to visualize fac- 
tors operating to obliterate any such difference if 
it has physiological reality. 

The existence of a period of negative potassium 
balance following the withdrawal of salt from the 
diet has been the subject of controversy and its 
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existence would afford circumstantial evidence 
of an adrenal response. Black, Platt, and Stan- 
bury (1) were unable to confirm the presence of 
an increase in urinary potassium to a level higher 
than the intake, such as was noted by Leaf and 
Couter (3) in three hypertensive subjects follow- 
ing salt withdrawal, and they considered this to be 
evidence against the view that a DOC-like sub- 
stance acted to conserve salt under such conditions. 
The magnitude of the potassium loss, however, in 
the subjects we have investigated is such that its 
existence would escape notice unless there was 
rigid control of potassium and nitrogen intake 
throughout the control and experimental period. 
It seems likely that the failure to observe this loss 
in the experiments of Black, Platt, and Stanbury 
is due to the fact that the patients were in nega- 
tive nitrogen balance and that their consumption 
of the modified rice diet was admittedly not kept 
rigidly constant. Although, in our own experi- 
ments, there was some variation in the duration 
and magnitude of the increased urinary potassium 
loss, it was greatest where the urinary sodium loss 
was approaching minimal values and when the 
subject had nearly re-established sodium balance. 
After this the urinary potassium loss subsided and 
the subjects returned to the state of potassium 
balance. Since no increase in the urinary excre- 
tion of nitrogen was detected during the phase of 
increased potassium loss in the urine the latter 
cannot be ascribed to body tissue breakdown. 
Estimations of the rate of glomerular filtration car- 
ried out at intervals before and after salt restric- 
tion in those subjects have not been reported in 
detail for they do not help to solve the problem 
of the mechanism of salt conservation in the face 
of restricted intake. Taken in conjunction, how- 
ever, with the evidence for increased tubular re- 
absorption of salt in such circumstances presented 
by Black, Platt, and Stanbury, the coincidence of 
increased potassium urinary loss, unattended by 
an increase in nitrogen excretion, with marked 
diminution of sodium and chloride in the urine is 
consistent with the view that the two phenomena 
could be due to increased activity or secretion of 
a salt retaining hormone of the adrenal glands. 
This view is in agreement with that of Leaf and 
Couter (3) and has recently received direct sup- 
port from the work of Luetscher and Johnson on 
aldosterone (4). 
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The fact that the increase in the urinary ex- 
cretion of potassium under these conditions is 
temporary deserves comment. It does not neces- 
sarily mean that the increased adrenocortical ac- 
tivity, suggested as being indicated by this, is tem- 
porary for it has been shown in man that the ad- 
ministration of adrenocorticotrophic hormone, 
cortisone and desoxycorticosterone acetate pro- 
duces little or no urinary potassium loss when the 
sodium intake has been restricted (10, 11). Evi- 
dence to be presented elsewhere, however, sug- 
gests that there is a temporary increase in the ex- 
cretion of adrenocorticoids roughly coincident with 
the period of potassium loss (7). 


SUMMARY 


1. Observations have been made upon the 
change in body weight, urinary volume and the 
urinary excretion of sodium, potassium, chloride, 
and nitrogen in hypertensive and normal subjects 
following sudden and virtually complete dietary 
restriction of sodium chloride. 

2. During the first 24 and 48 hours of salt 
deprivation, body weight decreased in all sub- 
jects. This decrease was not significantly differ- 
ent in hypertensive and normal subjects. 

3. Following the withdrawal of sodium chlo- 
ride from the diet, the rates at which the urinary 
excretion of sodium and chloride decreased and 
the total body deficit of sodium and chloride re- 
sulting from continued urinary loss were not sig- 
nificantly different in the two groups of subjects. 
These observations on a small number of cases 
support the view that any difference which might 
be present between the two groups is so small as 
to be of no significance. 

4. After the withdrawal of sodium chloride 
from the diet and during the time when the urinary 
excretion of sodium was rapidly diminishing a 
temporary increase in the excretion of potassium 
in the urine in hypertensive and normal subjects 
was regularly noted. This was not associated with 
an increase in the excretion of urinary nitrogen. 

5. It seems reasonable to interpret this obser- 
vation as indicating an increase in adrenocortical 
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activity in immediate response to withdrawal of 
salt from the diet. 
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In an effort to increase the accuracy of assay 
of thyroidal function, two earlier papers (1, 2) 
have given a numerical and mathematical de- 
scription of the short-time behavior of radioiodine 
observed in the neck tissue, thyroid, plasma, and 
urine. It remains: a) to apply these data to the 
conversion of several of the diagnostic parameters 
currently in use in this type of investigation so as 
to achieve a common basis for comparison; b) to 
describe the authors’ clinical results; and c) to 
provide a set of diagnostic limits for routine use 
based upon a maximum amount of published in- 
formation. 


CHOICE OF PARAMETERS 


The various parameters that are commonly em- 
ployed in the assay of thyroid function with radio- 
iodine are: 


(a) The thyroidal plasma clearance rate (3) ; 

(b) The thyroidal fractional rate of uptake 
from the iodide pool (1) ; 

(c) The 24-hour percentage accumulation in 
the thyroid gland; 

(d) The 24-hour percentage excreted in the 
urine; 

(e) Parameters based on various other bulk 
samples of urine (4) ; 

(f) The thyroidal rate of output of organic 
iodine (5); and 

(g) The “conversion ratio” (6) of plasma or- 
ganic and inorganic radioiodine. 


Because the mathematical treatment (1) has 
been restricted to the early phase of iodine uptake, 
the resulting equations cannot be applied to the 
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Health Division of Researcii Grants, and from the Ar- 
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diagnostic parameters (f) and (g) above, be- 
cause these are derived from the later (hormone 
and organic iodine) phases. 

In comparing the remaining parameters it is 
necessary to convert them to some common basis, 
which is conveniently chosen as either the pair of 
plasma clearance rates—thyroidal (expressed as 
g ml. per min.) and renal (r ml. per min.)—or 
the corresponding pair of rate factors—thyroidal 
(k, min.-*) and renal (k, min.-*)—as defined in 
an earlier paper (1). 

It may be recalled that the clearance rates are 
equal to the corresponding rate factors multiplied 
by the volume of the iodide space. 

Clearance rates may have slightly more funda- 
mental significance than the rate factors, but in 
practice their measurement is performed in ex- 
actly the same manner except for the additional 
determination of the radioiodine in a sample of 
blood plasma; unless the latter is done very care- 
fully indeed, this may add further experimental 
error to the measured clearance rate while little 
is gained in diagnostic precision. 

At first sight it might seem that a simpler basis 
of comparison would be provided by the per cent 
uptake (or excretion) at some selected time (usu- 
ally 24 hours) after the administration of the test 
dose, because this is one single parameter rather 
than a pair. It must be remembered, however, 
that the per cent uptake really involves both clear- 
ance rates (or both rate factors), because a high 
thyroidal uptake can result either from a high 
thyroidal rate combined with a normal renal rate 
or from a moderate thyroidal rate with a low re- 
nal rate. Moreover, the possible excretion of or- 
ganic radioiodine from the thyroid gland may 
lower the observed per cent uptake to such a value 
that a hyperthyroid case may appear in the normal 
range of values; this makes the per cent uptake 
a one-sided parameter. The per cent excretion 
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also has this disadvantage, and it is of course an 
even more indirect approach to the problem. 

In the next section the above parameters are 
compared on a numerical basis, using data pub- 
lished by others, for those papers where sufficient 
information has been provided to allow compari- 
son. The search for information of this type has 
been fairly extensive but not exhaustive, and some 
papers may have been unintentionally overlooked. 
There is, however, a whole group of studies, based 
on the method of Stanley and Astwood (7), that 
cannot be adapted because these writers have ex- 
pressed their results in terms of the square root 
of the time—a mathematical procedure that can- 
not be linked up with any of the proposed schemes 
of iodine metabolism. With this group there is 
the added difficulty that the published numerical 
parameters depend largely on the different ex- 
perimental arrangements employed at various 
centers. 


DIAGNOSTIC LIMITS DEDUCED FROM PUBLISHED 
WORK 


Clearance rates 


From equations J (4), J (&), and J (9) of an 
earlier paper (1), it is seen that the clearance 
rates are related to the rate factors by the follow- 
ing: 

ki = g/3Vo (1) 
ke r/ Ve0 (2 ) 


8 In this paper equations prefixed J refer to those given 
in the first paper (1) in this series. 
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Additional knowledge is needed of the mean re- 
ciprocal volume (1/V,, ml.-*) of the iodide space 
for the average patient. 

From the information discussed in the same 
paper (1) the over-all mean value 


W/Vs0 = 3.25 kg./litre 
and also 


Vso = V0/1.32 1(21) 


giving, for an average body-weight W of 70 kg., 


70,000 


Veo = 395 132 


= 16,300 ml. (3) 

Putting this value in equations (1) and (2) 
enables the conversion to k, and k, of various pub- 
lished figures for clearance rates, as set out in 
Table I. Although Berkson, Keating, Power, 
and McConahey (8, 9) deduced their results in- 
directly from measurements of the radioiodine 
excreted in the urine, the mid-point of their over- 
lapping values of g, (the thyroidal clearance rate) 
with normal and hyperthyroid cases, is in good 
agreement with that of Myant, Corbett, Honour, 
and Pochin (3); the wide limits of Ansell, Mac- 
gregor, Miller, and Wayne (5) are also con- 
sistent with these two. On the above results it is 
apparent that g = 60 ml. per minute or 10*k, = 3.7 
minute? is the approximate borderline between 
euthyroid and hyperthyroid cases with normal 
renal function. 

Perry and Hughes (10) have shown that, when 
renal function is impaired, the average normal 


TABLE I 
Conversion of published information on clearance rates 








Number 
cases 


Reference 


Authors num 


Diagnostic category g r 


Deduced rate factors 
Clearance rate minute! 
ml./min, 


10°ks 
10%k, (mean) 





Myant et al. 3 12 euthyroid 


12 Graves’ disease 


McConahey et al. 9 euthyroid 


16 hyperthyroid 


Ansell et al. Not stated 


Mid-point of over- 
lapping values 
/ 


norma 


lappin 
norma 


Certainly normal 


63 30 3.87 1.84 


hyperthyroid 


Mid-point of over- 57 33 
tise 


hyperthyroid 
2.46 


Upper limit of normal 4.52 


Mean value of normal i 0.26 860.34 
thyroid but with renal +0.09 +0.07 
disease 


Perry and Hughes 11 
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thyroid values of g (and k,) are lowered as are 
the renal parameters ; however the number of pa- 
tients studied is too small to permit a diagnostic 
boundary value to be set for this type of patient. 


Gross 24-hour uptake 


The total neck-tissue-plus-thyroid uptake at 24 
hours (11, 12) has been a popular parameter at 
many centers, and optimistic claims have been 
made for its diagnostic accuracy, presumably be- 
cause highly hyperthyroid individuals have been 
tested and compared with definitely normal cases. 

To deduce information on k, and k, from the 
24-hour uptake one must consider equation / (11) 


xe e—ket + (1 -_ e—ket) k,/k I(11) 


N 


which gives the gross uptake provided no radio- 
iodine has left the thyroid gland in organic form; 
in other words this equation really gives an up- 
per limit for the gross uptake with given values of 
k, and k,. Then if X is the diagnostic boundary 
value for the 24-hour uptake, higher values be- 
ing taken as hyperthyroid and lower values as 
euthyroid one can say that if the right hand side 
of equation (11) is not greater than X, then the 
gross uptake N also cannot be greater than X so 
the case would be a normal one. This may be 
written as an inequality 


Neve e-ket + (1 — e-**t) ki /k < X 


N< (4) 

On the other hand if the formula leads to a 
quantity greater than X one cannot be sure 
whether N is greater or less than X so the diag- 


nosis is in doubt. Thus writing 


Berke + (1 — et) k/k =X (5) 


NoV 

nee 
leads to a value of k, for any given value of k,, 
because k = k, +k,. Then if k, for any patient 
is less than this value the patient must be euthy- 
roid. Still there will be a region of doubtful k, 
values just above this boundary. This explains 
one of the major disadvantages of the 24-hour 
parameter; another, less critical, difficulty is the 
uncertainty in the term N,V,/V unless it has been 
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determined by experiment for the exact geometri- 
cal arrangement used for in vivo counting. 

In an early paper Werner, Quimby, and 
Schmidt (12) set a boundary value of 35 per 
cent (X = 0.35) for the 24-hour uptake to distin- 
guish between euthyroid and hyperthyroid cases. 
Jaffe and Ottoman (11) published a similar value, 
and this appears to have been adopted quite widely 
by other centers, at least in this country. Re- 
cently, however, Werner (13) has used a much 
higher borderline of 50 to 55 per cent, which is 
in better agreement with the value to be expected 
when calculated from the other parameters. 
The ranges of uptakes given by Fields and LeRoy 
(14) are also more consistent with the higher 
boundary. 

Taking as an example Werner’s limit of X = 
0.55, and N,V,/V = 0.063 at t= 24 hours—an 
estimate made from comparative observations on 
an athyroid patient using a Geiger counter ar- 
ranged in the manner described by these authors 
(12)—equation (5) becomes, with ¢t = 566 min- 
utes, 


063 e-Sk + (1 — e-S6k) ki /k = 0.55 (6) 


Pairs of k values can be found to satisfy (6), 
typical cases being included in Table III and in 
Figure 1. : 


Urinary excretion 


Methods for studying thyroid activity by means 
of the urinary excretion of radioiodine fall into 


TABLE II 
Conversion of data reported by Keating and his associates 








Average rate factors Range* 
deduced from 

published data 
minute 


Type of case 10°k: 10°k: 





Normal 
(controls) 
Euthyroid 
(but unrelated 


1.8 3.4 


illness) 28 
Non-toxic goiter 26 
Toxic goiter 23 
Exophthalmic 

goiter 64 
Myxedema 24 


1. 
2. 
3. 
9. 
0. 





* The range tabulated here is the mean value + twice 
the standard deviation given in the original paper (15, 16). 
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TABLE III 
Conversion of Werner's (13) 24-hour uptake limit and Fraser and others (4) urinary T-parameter limits 








Deduced values of the thyroid rate 
108k: minute 





24-hour 
T =12.8 gross uptake T=17.4 
T =2.1 T =2.8 Normal/ 55 per cent Probably 
Renal rate Very low/ probably Werner high/ 
Oke low uptake high upper limit high 
minute! borderline borderline borderline of aormal borderline 


0.50 1.34 0.92 
1.50 1.41 1.98 
2.08 1.47 2.57 
2.46 1.53 3.03 
3.21 1.74 3.82 
3.63 1.97 4.32 
4.22 2.81 4.95 
4.18 3.80 4.98 
3.95 4.89 4.70 





aan 


Normal renal 
range 


sooo 


oa 
owon 
Seoress 


ReS wus 


PUNE SSSOS 





two main classes, (a) the analytical method with of which a recent example is that described by 
simple exponential excretion curves which has Fraser, Hobson, Arnott, and Emery (4). 

been used extensively by Keating and his associ- Keating’s method assumes a simple exponential 
ates (15, 16), and (b) the bulk sample methods _ relation, equivalent to putting ¢ = 1 in the pres- 


i 02 0304 4 


RENAL RATE 10° kp 


THYROIDAL RATE 107k 


Fic. 1. Typrcat Dracnostic BorperLInes Depucep For 24-Hour UPTAKE 
AND BuLK Urine MetHops UsinG RADIOIODINE 
Curve 1—24-hour uptake 55 per cent, reference (13). 
Curve 2—Bulk urine method, euthyroid/probably high borderline T = 12.8, 
reference (4). 
Curve 3—As above, low/euthyroid borderline T = 2.8. 
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ent authors’ equations. With this assumption 
equation /(7) may be written 
kE 

kt = —In(1 - ==) 
and, by plotting the observed results for the urine 
fraction E against the time t in this form on semi- 
logarithmic paper, a straight line should result. 
Actually since ¢ does not vary very rapidly with 
t after the first hour the more precise relation 
I(7) also approximates to a straight line over 
limited periods of time, and moderate departures 
from linearity are easily masked by experimental 
errors in the individual determinations of E. A 
further masking of these departures can result 
from the oral rather than the intravenous adminis- 
tration of the test dose, causing “zero” time to be 
spread out over a period of some minutes. 

If equations /(7) and (7) are compared it is 
apparent that the effective average slope of the 
experimental curve between two times t, and t, 
will be given approximately by 


katate = k ( 28 — St) (8) 


te — 


(7) 


Putting in values (1) of ¢ gives the following re- 
sults : 


Period of 
observation 
in hours 
1 to 10 
3 to 24 
3 to 72 


Approximate 
average 
rate keffective 


0.45 k 
0.36 k 
0.32k 

The period up to 10 hours covers all the early 
useful range of urine measurements that can be 
made on a hyperthyroid patient, while measure- 
ments on hypothyroid cases can be extended up 
to 72 hours or more. Thus the conversion of ef- 
fective (Keating-type) rates to k, or k, values 
depends on the type of case being considered, but 
arbitrarily taking the three factors tabulated above 
and applying them to some of the published re- 
sults (16) for (respectively) hyperthyroid, eu- 
thyroid, and hypothyroid cases, lead to k, and k, 
values as shown in Table II. The ranges of k, 
show a considerable overlap for the euthyroid 
and hyperthyroid groups, possibly caused by 
breakdown of organically-bound radioiodine dur- 
ing the course of the test in some instances. 
From the figures tabulated it is difficult to pick a 
diagnostic boundary with any confidence, but the 
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euthyroid/hyperthyroid border would appear to 
be somewhere about 10*k, = 3.7 to 4.2 minute, 
and the euthyroid/hypothyroid border about 10*k, 
= 0.5 minute~*. The overall average value of the 
renal rate is 10°k, = 2.6 minute“. 

The urinary parameter T taken by Fraser, Hob- 
son, Arnott, and Emery (4) may be represented 
by 


Fraction of dose excreted up to 8 hours 


ny (Fraction excreted from 8 to 24 hours) 
X (Fraction excreted from 0 to 48 hours) 





which, in the present representation, becomes, 
with ¢ values inserted (1), 


cn 1 aie e— 47k (9) 
a (e-247k moe e b66k) (] al e—1008k) ke/k 


Boundary values of T in the original paper (17) 
are: 





T 


High uptake—T greater than 17.4 

Probably high—T greater than 12.8, up to 17.4 
Normal—T from 2.8 to 12.8 

Low—T from 2.1, but less than 2.8 

Very low—T less than 2.1 


These values may be produced by putting into 
equation (9) the pairs of k, and k, values shown 
in Table III, but of course there is some uncer- 
tainty about the exact range of k, values over 
which the T parameter may be expected to be 
valid. Lacking information on this point it is 
assumed that this range would extend, for cases 
without renal or cardiac disease, from 10*k, = 0.4 
to 4.2 minute’ approximately. The curves cor- 
responding to the parameters T =2.8 and T= 
12.8 are shown for comparison in Figure 1. 


Early uptake methods 


The remaining type of information to be con- 
sidered covers those observations made of the thy- 
roidal uptake within the first few hours after ad- 
ministering the radioiodine. 

In this category are several papers with data 
that are difficult to convert to the required nu- 
merical basis for comparison: thus the results of 
Reiss, Haigh, Hemphill, Maggs, Reiss, and Smith 
(17) have been excluded for lack of sufficiently 
accurate knowledge of their observed neck tissue 
uptake and other factors; the uptakes of Lowrey, 
Beierwalters, Lampe, and Gomberg (18) in a 
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Combined 
parameter 
z 


Rate factor 
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TABLE IV 
Results obtained on patients tested by protein-bound iodine and radioiodine methods 


Cases classed as hypothyroid 
Cases classed as euthyroid 





Combined 
parameter 
Zz 
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Rate factor 
10%k: 
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TABLE 1v—Continued 





Combined 
parameter 
z 


24-Hour 
uptake 
% 


24-Hour 
uptake 
% 


Combined 
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small group of children have been omitted for 
similar reasons; and Crispell, Parson, and 
Sprinkle (19) have given too meagre details of 
their counting arrangement. 

Apart from the above, there are the Melbourne, 
Australia, figures of Clarke and Aujard (20) 
who give a euthyroid/hyperthyroid borderline 
value of 4.5 to 5.0 per cent for the increase in thy- 


roid uptake between 15 and 25 minutes after in- 
jection; since they applied a correction for neck 
tissue counts, based on thigh counts at frequent 
intervals, one can express this limit in the present 
terminology as 


(e17-Te — @-6.1k) kes/k = 0.0475 


using the values of ¢t presented earlier (1). 


(10) 
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TABLE V 
Information from early uptake observations 








Authors 


Diagnostic category 


Rate factors in minute 





10°k: range 10°k: range 10k: mean 





Hypothyroid 
Euthyroid 
Hyperthyroid 
All categories 


Berson, 

Yalow, 
Sorrentino, 

and Roswit (22) 


Hypothyroid, cardiac 
Hypothyroid, non-cardiac 
Euthyroid, card 
Euthyroid, non-cardiac 
Hyperthyroid, cardiac 
Hyperthyroid, non-cardiac 


2.01 
2.65 
2.42 
2.59 


0.70-2.95 
0.88-4.24 
0.42-3.85 


0.00-0.32 
0.30-3.51 
5.5 -38.7 


0-0.21 
0-0.28 
0-1.83 
0.18-3.80 


(9.0) 
4.0-34.7 


iac 


All categories, cardiac 
All categories, non-cardiac 





For k, in the expected range (0.4 to 4.2 x 
10° minute’) it is easily shown that k, needs to 
be between 6.6 and 7.2 X 10° minute to satisfy 
this relation. 

By a similar line of reasoning, figures given by 
Kriss (21) for the net uptake in a few patients 
one hour after injection lead to a euthyroid/hy- 


= % 


THYROIDAL RATE 10°k 
... 


02 0304 4 


perthyroid borderline of k, ranging from 2.5 to 
2.8 X 10° minute; in his paper Kriss makes no 
mention of the application of any corrections for 
loss of radioiodine left behind in the injection 
syringe or for absorption and backscatter in the 
patient, so the accuracy of these figures is in 
doubt. 


2 3 


RENAL RATE 10° kp 


Fic. 2, ExpERIMENTAL RESULTS OF BERSON, YALOW, SORRENTINO, AND 
Roswit 


x Hyperthyroid @ Euthyroid 


A Hypothyroid 
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Finally, test results for the New York area 
are given in the paper by Berson, Yalow, Sor- 
rentino, and Roswit (22), nominally in the form 
of clearance rates calculated assuming a constant 
ratio of W/V,, = 5.0 kg./litre; since full data are 
tabulated these rates are easily converted back to 
k, and k, values by using equation /(4), with the 
results given in Table V and Figure 2. 


CLINICAL RESULTS OBTAINED BY THE AUTHORS 


Using the methods previously described (1, 2), 
a number of hospital patients have been examined 
to relate their thyroidal status to the observed 
rate factor k,; the results are given in Table IV. 
The status of each patient was decided inde- 
pendently: (i) on clinical grounds; (ii) on the 
basis of a protein-bound iodine determination, 
with tentative borderlines of hypothyroid/euthy- 
roid PBI = 4.0 micrograms iodine per 100 ml. 
and euthyroid/hyperthyroid PBI = 8.0; and (iii) 
by the radioiodine test with tentative k, limits 
chosen from the published data discussed above. 
To decide a few clinically doubtful cases equal 
weight was given to the PBI and I*** tests, ex- 


Loe (10%k,) 


AND JAMES T. WORTHAM 


pressing the combined diagnostic parameter in 
the form 


Z = (PBI)# + 1.28 logis (108k:) = (1) 


with diagnostic values of Z = 3.72 for the hypo- 
thyroid/euthyroid borderline, and Z=6.17 for 
the euthyroid/hyperthyroid boundary. 

This type of parameter was adopted because a 
plot of the mean experimental values showed an 
approximate linear correlation between the square 
root of the PBI and the logarithm of the observed 
k,. Figure 3 shows this relation, where each 
point plotted is the mean of about fifteen obser- 
vations, 

Table V summarizes the numerical values 
found for k, and k, for patients in various cate- 
gories and Figure 4 shows these results in the 
form of a chart. The low values of the renal 
rate factor k, included in Figure 4 arise mainly 
from the inclusion of cardiac cases. 

In some of the tests additional information has 
been obtained in the form of the percentage up- 
take of I*** at 24 hours after injection, and, in a 
few cases only, the PBI*** “conversion ratio” at 
72 hours as described by Silver, Fieber, and Yo- 


(eaiy* 


Fic. 3. MEAN ExPEeRIMENTAL Points PLotTrep To SHOW THE APPROXIMATE RELATION 
Between PBI anp Rate FActTor kK, 
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HYPERTHYROID 


EUTHYROID 


k, 


G 


HYPOTHYROID 


i4 


02 0304 1 
RENAL RATE 10° kp 


THYROIDAL RATE 10% 
Pd = 


Fic. 4. EXPERIMENTAL RESULTS OBTAINED BY THE AUTHORS 


x Hyperthyroid @ Euthyroid 
halem (23); the 24-hour uptakes are included in 
Table IV for purposes of comparison. 


DISCUSSION 
Renal rate factor k, 


From the experimental data described above 
there seems to be little evidence that the renal 
rate (k, or r) has any significant effect on the 
thyroidal rate (k, or g) for a given thyroid status ; 
this is shown most clearly by Figures 2 and 4, in 
which horizontal borderlines, parallel to the k, 
axis, are adequate to separate the euthyroid cases 
from the other groups. 

However, the diagnostic borderline values of k, 
deduced from the 24-hour uptake method, or from 
the bulk urine method (see Table III and Figure 
1), do depend on the value selected for k,; thus if 
a constant 24-hour uptake borderline is to be as- 
sumed, k, must increase if k, increases, and there 
is another different relation between k, and k, if 
a constant urinary parameter is assumed. Figure 
1 illustrates these effects, showing curve 1 con- 


A Hypothyroid 


cave upwards and curve 2 downwards, and it is 
apparent that both curves cannot be correct over 
the full range of k, values, and one must choose 
some particular average value. 

If cases with known cardiac or renal disease 
(10) are excluded, the following mean values of 
k, are to be considered : 


22 
110 
2.59 


15, 16 9 
169 25 
2.6 2.02 


3 This paper 
24 125 
1.84 1.51 


Reference number 
Number of cases 
Mean value 10* ke 


A value of k, = 2.2 X 10°* minute“ has there- 
fore been taken as the weighted mean rate to be 
used in the conversion of parameters. 


Degree of.agreement for boundary values of k, 


On examination of Figure 4 it is evident that a 
horizontal borderline at k, = 3.9 X 10°* minute™* 
can be drawn to separate euthyroid and hyper- 
thyroid cases, and another line at k, = 0.23 x 10° 
minute" distinguishes (with some over-lapping) 
between euthyroid and hypothyroid cases. Figure 
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TABLE VI 
Comparison of diagnostic borderline values of ki 





Value of 
10%k: in 
minute“ 


3.7 


Method of 
study 


Diagnostic 
border 
Hyperthyroid/ 

euthyroid 
Hyperthyroid/ 
euthyroid 
Low/euthyroid 
Hyperthyroid/ 
euthyroid 
Low/euthyroid 
Probably high/ 
euthyroid 
Hyperthyroid/ 
euthyroid 
Hyperthyroid/ 
euthyroid 


Reference 
number 


3,5,9 





Early clearance 
rates 


22 Early uptake 3.64.1 


0.30 
3.9 


0.23 
4.2* 


Early uptake 


Urine 


Urine 3.7-4.2 


13 24-Hour uptake 3.0* 


Hyperthyroid/ 6.9* 
euthyroid 

Hyperthyroid/ 
euthyroid 


20 Very early 
uptake 


21 Early uptake aa” 





* For kz = 2.2 X 107 minute. 


2 similarly gives a border somewhere between 
k, = 3.6 to 4.1 x 10° minute for the data pub- 
lished by Berson, Yalow, Sorrentino, and Roswit 
(22). These results, and the others discussed 
For the 


earlier, are all compared in Table VI. 
hyperthyroid/euthyroid border the mean k, from 
the table is 4.0 x 10-* minute-!, but for the vari- 
ous reasons given above it is felt that less weight 
should be given to the last three entries in the 


table. Moreover, the hypothyroid/euthyroid 
border of 0.30 x 10-* minute-* found from Figure 
2 is based on only 5 low-uptakes cases, while the 
value of 0.23 x 10-* minute“ from Figure 4 is the 


result of 39 cases. Accordingly, the values finally 
selected for diagnosis are those given in Table 
VII, in which are included further limits suggested 
to distinguish cases of “very low” and “very 
high” thyroidal activity. 

There is a good deal of experimental evidence 
supporting the value of k, = 3.85 x 10-* minute 
adopted for the euthyroid/hyperthyroid diagnostic 
borderline, and it is felt that this value should be 
substantially correct. 

For comparative purposes the corresponding 
limits for the clearance rate, the protein-bound 
iodine, and the 24-hour per cent uptake are also 
tabulated, but the latter values are not recom- 
mended for general application because of their 
dependence upon the renal rate factor k, and upon 
the type of collimator used with in vivo counting 
equipment. The limits tabulated for the protein- 
bound iodine test are those that give the best 
overall diagnostic agreement for the 174 cases 
tabulated in Table IV. 


Diagnostic results 


When the limits in Table VII are applied to 
the cases listed in Table IV and to a few others 
for which data have been accumulated from two 
or more independent tests, the percentage of ap- 
parently successful diagnostic results is 87 for the 
PBI determination, 94 for the k, test, and 88 for 
the 24-hour uptake tests when the latter is applied 
only to hypothyroid and euthyroid cases. 

The few cases in which the PBI*** “conver- 
sion ratio” was tried were also nearly all euthyroid 
and low-uptake patients; the apparent success of 





TABLE VII 
Diagnostic borderline values finally adopted 








Thyroid borderline status 


Low 
Euthyroid 


0.23 





Very low 
Low 


0.09 


Euthyroid 
High 
3.85 


3.7 63 
8.0 62t 


3.9 8.2 
3.72 6.17 





Parameter 





Uptake rate 10* k; minute 
Thyroidal plasma clearance rate* 

g ml./min. 1.5 
24-Hour uptake per centf 3.9 
Protein-bound iodine§ 

ug per 100 ml. 2.8 
Combined PBI and k: 

(PBI)* + 1.28 logio (105 k;) 2.90 





*For Vso = 16.3 litre, see section 3 (a). 

t Strictly for the collimator system described (1, 2); these values will not apply for open collimation. 
Use of this parameter is not recommended for reasons given in section 3 tb). 
For best diagnostic results for the cases tabulated in Table IV. 
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this method (66 per cent) in this group was not 
very high, but of course better results might be 
obtained in sorting out hyperthyroid from euthy- 
roid individuals. 

Both the protein-bound iodine determination 
and the measurement of the rate of uptake of I*** 
are seen to give reasonably satisfactory results; 
in addition the 24-hour per cent uptake of I*** is 
useful particularly for cases of low thyroidal ac- 
tivity where difficulty is experienced in making a 
complete collection of urine. As is well known, 
all of these tests can be spoilt by iodine or cer- 
tain other types of medication, and great care is 
necessary to exclude this possibility. Finally, 
therapy with radioiodine may affect the subse- 
quent tests in at least two ways: 1) There may be 
a residual amount of radioactivity in the thyroid 
gland, and this must be deducted from the ob- 
served amount taken up from the tracer dose; 2) 
in addition it may take a fairly long time for the 
stored protein-bound iodine to reach equilibrium 
at a new low-level value, even though the thyroidal 
uptake rate is lowered as the result of therapy. 


SUMMARY 


A series of 180 patients has been examined to 
determine their thyroidal status by the chemical 
protein-bound iodine and radioiodine methods, us- 
ing the thyroidal uptake rate factor calculated from 
in vivo observations at 1, 4, or 24 hours after ad- 


ministration of the tracer dose. Good agreement 
has been found between the two methods in most 
cases. 

The experimental results, and those of others 
using some other radioiodine methods, are used 
to derive suggested diagnostic borderline values 
of several parameters in common use. 
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Studies of the renal excretion of iodide have 
been reported from several laboratories in recent 
years (1-6).* Despite this accumulation of in- 
formation, many properties of the renal mecha- 
nisms for excretion of the iodide ion remain un- 
known. The present study represents an attempt 
to explore the behavior of the renal clearance of 
I**1 under a variety of experimental conditions in 
human subjects. The clearance of I** has been 
determined simultaneously with other measure- 
ments of renal function and all values, including 
those for I*** clearance, were obtained using a 
continuous infusion technique. It is assumed that 
the data derived from the study of I’** may be 
applied freely to explain the behavior of stable in- 
organic iodide. 


METHODS 


Case material 


The observations are based upon 58 renal clearance 
studies performed on 49 adult human subjects. Four 
general groups of patients were included: 


1. Euthyroid subjects with normal renal function: 
Thirty-four clearance studies were performed on 31 sub- 
jects, all of whom were either convalescent hospitalized 
patients, or out-patients, without clinical or physiologic 
evidence of renal disease. The mean age was 33, with 
a range of 20 to 65 years. 

2. Euthyroid subjects with renal disease: Thirteen 
studies were performed on seven patients. Four patients 
had polycystic renal disease, two chronic glomerulone- 
phritis, and one probable chronic pyelonephritis. Glo- 
merular filtration rates ranged from 9 to 100 cc. per min. 
per 1.73 sq. m. The mean age was 40 with a range of 
23 to 75 years. 


1 Presented in part at the 26th Annual Meeting of the 
Central Society for Clinical Research, Chicago, Illinois, 
October 30, 1953. 

2 Present address: Peter Bent Brigham Hospital, Bos- 
ton, Mass. 

8A discussion of the majority of these data is con- 
tained in a comprehensive review by Riggs (7). 


3. Hyperthyroid patients: The four subjects included 
in this group ranged in age from 21 years to 46 years 
and were clinically hyperthyroid at the time of study. 

4. Myxedema patients: Five patients with primary 
myxedema and two patients with secondary myxedema 
were included in this group. The mean age was 40 with 
a range of 25 to 60 years. 


Procedure 


Simultaneous determinations of the clearances of inu- 
lin, PAH, and I™ were performed in all cases. In addi- 
tion, the excretion rates and plasma levels of sodium, po- 
tassium, and chloride were determined during each clear- 
ance period. Standard continuous infusion techniques 
were employed for the measurement of the clearance of 
inulin and PAH and the continuous infusion method 
adapted, as previously reported (6), for the determina- 
tion of the clearance of I™. 

All patients were fasting and recumbent at the time 
of study. In the typical experiment a liter of water was 
ingested 60 to 90 minutes prior to administration of the 
priming solution. Subsequent water intake varied with 
the nature of the experiment. Urine was collected 
through an inlying multiholed rubber catheter, and urine 
collections were concluded with two washouts of distilled 
water, followed by two or more injections of air. Follow- 
ing a timed blank urine collection period, a priming in- 
jection of inulin, PAH and I™ was administered intra- 
venously and a sustaining infusion of the same substances 
(in a normal saline vehicle) was delivered by a Bow- 
man constant infusion pump, usually at a rate of 1.5 cc. 
per min. A 30 to 40-minute period was allowed for 
equilibration of plasma concentrations, and in the typical 
experiment, at least three control clearance periods aver- 
aging 15 minutes in duration were obtained. When ex- 
perimental conditions were altered after the control pe- 
riods, three to seven additional periods were obtained. 

Venous blood was sampled at the mid-point of each 
period through an inlying 17-gauge thin-walled needle, 
using approximately 0.1 cc. heparin for every 10 cc. of 
ilood. The samples were centrifuged and separated 
without delay. Inulin was determined according to a 
modification ¢ of the method of Roe, Epstein, and Gold- 


* Modifications include: 1) Heating diluted plasmas 
and protein precipitating reagents in a 50-degree water 
bath for 30 minutes after shaking; 2) separation of 
protein-free filtrates by centrifugation rather than filtra- 
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stein (8); PAH, according to the method of Smith, 
Finkelstein, Aliminosa, Crawford, and Graber (9); 
chloride, according to the method of Van Slyke and 
Hiller (10); thiocyanate, according to the method of 
Gregersen and Stewart (11); and sodium and potas- 
sium were analyzed on an internally compensated Baird 
flame photometer. The details of the analytic methods 
employed in this laboratory for assay of I™ in plasma 
and urine have been reported in a separate communica- 
tion (6). Donnan corrections were as follows: Na, 
0.95; Cl, 1.02; and K, 0.95. I™ values were uncorrected. 


RESULTS 
I. [*** plasma levels 


Continuous infusion of I*** throughout experi- 
ments, up to but not exceeding three hours in 
duration, resulted in essentially constant plasma 
counting rates.° Analyses for protein- bound I*** 
were performed in representative cases. The 
maximum amount of protein-bound I*** was ob- 


tion; 3) treatment of reagent blanks and standards iden- 
tically with the unknowns; and 4) a wave length of 510 
ms on the Coleman Model 6A Spectrophotometer. 

5 Counting rates ranged from 37.2 to 202.7 cts. per sec. 
per 2 cc. of plasma. The range for individual subjects 
(CBee — Low 


High x 100) varied from zero to 10 per cent 


with an average of 4.9 per cent for the group. 
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served during the last clearance period in a hyper- 
thyroid patient and was equal to 1.7 per cent of 
total radio-iodine. In the majority of instances, 
no protein-binding of infused I*** was detected at 
the conclusion of clearance measurements. 


II. J*** clearance as a function of inulin clearance 
in the steady state 


In Figure 1 the clearance of I*** has been plotted 
against the concurrent value for the clearance of 
inulin for 40 studies on 34 euthyroid subjects (27 
of whom had normal renal function and seven of 
whom had renal disease) and 11 studies on pa- 
tients with thyroid dysfunction. All patients had 
essentially stable filtration rates during the pe- 
riods of study. The range of glomerular filtra- 
tion rates for the entire group was from 9 to 155 
cc. per min. per 1.73 sq. m. The regression line 
drawn through the points was derived by the 
least squares method. The correlation coefficient 
is 0.82 and the P value less than 0.01, thereby in- 
dicating a strong relationship between Cp and Cin 
for group data. 

The validity of treating the subjects with nor- 
mal thyroid function and those with thyroid dys- 
function as members of the same population is 


@NORMAL 
#RENAL DISEASE 
OHYPERTHYROID 
OMYXEDEMA 





40 60 80 


Fic. 1. 


100 120 140 160 


Cin 


RELATIONSHIP BETWEEN C1 AND Cia 


Each point represents the mean value of at least three separate clearance periods. 


Values are in cc. per min. 
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based upon a previous observation that a separate 
plot of Cha vs. Cy for the present hyperthyroid 
and myxedematous patients was linear and could 
not be differentiated statistically from the same 
plot for euthyroid subjects (6). The equation 
derived for the combined data of Figure 1 is: 
Cys = .268 Ce + 8.6. 


III. Cru in the presence of acute alterations of 
glomerular filtration rate 


The linearity noted between glomerular fil- 
tration rate and I*** clearance in the group plot 
of patients with stable renal hemodynamics has 
been tested in individual subjects during acute 
increases and decreases in GFR. 

A. Acute increases in GFR: In five subjects, 
Cj, was acutely increased by the intravenous ad- 
ministration of Aminophylline. After three control 
periods, 0.25 to 0.50 gm. of Aminophylline was ad- 
ministered over a 5 to 10-minute period by single 
intravenous injection and a 10 to 15-minute period 
was allowed to compensate for delay time. 
Thereafter from three to five successive clearance 
periods were obtained. The response in all sub- 
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jects was qualitatively the same and a representa- 
tive experiment is recorded in Figure 2. A slight 
decrease was frequently noted in I'** plasma levels 
following Aminophylline administration; how- 
ever, in no case did this decrease compensate for 
the elevation of GFR. Consequently, filtered 
load of I*** invariably rose. In each experiment, 
the percentage increase in Cj, was associated with 
a greater percentage rise in Cpa such that the clear- 
ance ratios (C;/C;,) consistently increased. 
Changes in Co/Ci, and Cy,/Cj, were in the same 
direction as the change for C;/Cj,. Values for 
Cx/Ci, did not follow a characteristic pattern. 
Cpan increased slightly in four of the five experi- 
ments, but the rise was always less than that of 
Cin. Urine flow increased sharply immediately 
after injection but the increases were transient 
and values returned toward control levels after 
two or three clearance periods. 

B. Acute decreases in GFR: Acute decreases 
in glomerular filtration rate were observed in 
five studies on four patients exhibiting transient 
peripheral vascular collapse during clearance 
measurements. One patient had orthostatic hy- 
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potension and the fall in GFR was induced by ele- 
vation of the patient on a tilt table from zero to 
90°. The other three patients (one of whom was 
studied twice) exhibited sudden onset of hypo- 
tension and bradycardia without apparent cause, 
and at different chronologic points in clearance 
measurements. In each instance, the hypotension 
was reversible without specific therapy. 

Results of a representative experiment from this 
group are shown in Figure 3. In the first period 
after the onset of hypotension, inulin clearance 
decreased precipitously and was associated with a 
simultaneous proportional reduction in Cp=. After 
this lag period, which was uniformly noted -and 
may have been attributable to increased delay time 
in the nephra, Cys: decreased out of proportion to 
Cy. The changes for sodium and chloride were 
in the same direction as those for iodide ; however, 
when C,/C,j, had returned toward normal, Cy,/ 
Cin and Cq/Cy, were still well below control levels. 
Changes for potassium were more variable than 
those of the other electrolytes and the results were 
inconclusive. Cpan fell in all studies and in four 
the decreases were out of proportion to Cj, re- 
sulting in a fall in filtration fractions. Urine flow 
values fell in all instances and generally remained 


depressed after C;, had returned toward control 
levels. 


IV. Iodide loading 


The effects of acute loading with stable inor- 
ganic iodide were observed in five studies on four 
euthyroid patients. In two experiments, the pa- 
tients were loaded chronically for one week prior 
to acute loading. After three control clearance 
periods in all patients, 0.5 gm. of NaI was ad- 
ministered by single intravenous injection, and 
0.5 gm. was added to the sustaining infusion and 
delivered at a constant rate throughout the dura- 
tion of the study. It was estimated that the 
amount of iodide administered increased the 
plasma inorganic iodide levels at least one thous- 
and times.* A delay period of 10 to 15 minutes 
was allowed between completion of the priming 
injection of iodide and resumption of clearance 
measurements. Data from these studies are sum- 
marized in Table I, cases 1 to 5. 


6 This calculated value is based upon an assumed ini- 
tial plasma inorganic iodide level of 1.0 ug per cent, and a 
maximal volume of distribution of inorganic iodide of 40 
per cent of body weight. 
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TABLE I 
The effects of acute and chronic iodide loading on renal hemodynamics, Cp™, C1/Cin, Cna/Cin, Cor/Cin, and Cx/Cin 








Cin* 
cc./min. 


cr 


C1/Cin 
cc./min. o 


Cran* 


F.F, Cx/ Cia 
cc./min. % A 





101 
105 
+4 


112 
103 
—8 


9.3 
8.5 
—8 


113 
115 
+1 


46 
44 
- 3 


50 
40 
—21 


7.4 
6.0 
—18 


46 
46 
+ 0 


34 
32 
-4 


Controlt 
Experimental 
% Change 


Control 
Experimental 
% Change 


Control 
Experimental 
% Change 


Controlt 
Experimental 
% Change 


Controlt 
Experimental 
% Change 


108 
= | 


Mean change 
(1-5) —2 


108 
113 
+5 


- 9 


39 
46 
+18 


Control§ 
Experimental 


% Change +13 


536 19 ; ‘ 22 
500 21 , é 25 
—7 +12 +14 


728 15 : 28 
714 15 , 25 
—2 + 0 - 9 


24 39 
22 38 
-7 -— 2 + 4 


514 22 f : 24 
525 22 , F 23 
+2 + 0 — 3 


661 16 ' 21 
676 16 17 
+2 -1 —19 


229 
239 


2 tid — 2 
510 21 3 : 18 
514 22 of ; 24 
BA. +4 +3 +31 





* Values corrected to 1.73 sq. m. body surface area. 


t Control value in all studies is the mean of at least three clearance periods prior to drug administration. 
mental value is the mean of at least three clearance periods subsequent to drug administration. 


Acute loading superimposed on chronic loading. 


change were performed prior to rounding numbers off. 
} Chronic loading study. 


Subsequent to acute iodide loading, Cyn de- 
creased in four experiments (varying from 3 per 
cent to 21 per cent) and in one case remained un- 
changed. Values for C;/C;, also decreased in four 
experiments but the range was only from 5 to 
14 per cent. Mean decreases for the group were: 
Cin, 2 per cent, Cum, 9 per cent, and C;/Cy, 8 per 
cent. The data from the two patients receiving 
acute iodide loading superimposed upon chronic 
loading (cases 4 and 5, Table I) do not appear 
to differ materially from those who received only 
the acute loading dose. In one patient (case 6, 
Table I) studies were performed before and after 
a five-day period of oral administration of a satu- 
rated solution of potassium iodide in the following 
stepwise daily doses: 5, 6, 7, 8, and 30 drops. 
Comparison of post-loading data with control 
values shows a slight increase in C,, (5 per cent) 
and a moderate rise in Cum (18 per cent). The 
I**1/inulin clearance ratio increased 13 per cent. 


Experi- 
Calculations of % 


V. Thiocyanate data 


Clearance measurements were performed on 
five subjects receiving intravenous sodium thiocy- 
anate in amounts varying from 475 to 900 mg. 
of thiocyanate ion. Plasma thiocyanate levels for 
the group varied from 3 mg. per cent to approxi- 
mately 6 mg. per cent with the level remaining 
relatively stable in individual patients. Diagnosis 
and mean data before and after thiocyanate ad- 
ministration for each case are shown in Table II. 
The effects upon renal function were qualitatively 
the same in all subjects regardless of the diagnosis. 
In the majority of cases, filtration rate exhibited 
a slight decrease after injection. The mean de- 
crease for all cases was 5 per cent. Similarly, 
PAH clearance showed a net decrease of 5 per 
cent after thiocyanate. The change in the I***/ 
inulin clearance ratios varied somewhat from case 
to case, both in direction and magnitude. None of 
the individual changes, however, was marked and 
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TABLE II 
The effects of intravenous sodium thiocyanate on renal hemodynamics, C1/Cin, Cna/Cin, Cor/Cin, and Cx/Cin 








ae Pacx$ 
Diagnosist mg. To 


Cin* 
cc./min. 


Cpan* 


C1/Cin Cna/Cin Coi/Cin Cx/Cin 
cc./min, % %e Te 


o 0 ‘o 





0.0 
3.0 


Control§ Eut. norm. 
Experimental 
% Change 
Control Eut. norm. 
Experimental 
% Change 
Control Myx-P 
Experimental 
% Change 
Control Hyp. 
Experimental 
% Change 
Control Hyp. 
Experimental 

% Change 


- 1 


—10 


- 9 


+2 


— 4 


20 
20 
+ 0 


670 30 1. 7 
684 29 1. ‘0 
1. 


+2 


91 559 
82 510 46 
- 9 + 8 —1 


83 476 35 
75 400 37 
—16 + 5 


548 26 
575 28 J 
+S a +1 


847 40 
783 35 
- 8 i! 


135 
134 
- § + 8 


43 2 
7 


20 
20 
+ 0 


19 
24 
+24 


1.2 20 
1.3 15 
+10 —28 


119 
121 


1.6 
1.9 
8 


155 
149 





Mean % Change 


- $ 


— $ + 1 + 6.0 —- 1 





* Values corrected to 1.73 sq. m. body surface area. 


t Eut. norm. = euthyroid subject with normal renal function. Myx-P = primary myxedema. Hyp. = hyper- 


thyroid. 
Pscn = plasma thiocyanate levels. 
Control and experimental as in Table I. 


the net change for the group was approximately 
zero. In general, sodium and chloride excretion 
rates increased after the administration of thio- 
cyanate ion whereas changes in potassium excre- 
tion rates were variable. Following thiocyanate 
administration, plasma levels of I*** increased 
markedly in both hyperthyroid patients and mod- 
erately in one euthyroid subject. They remained 
unaltered in the myxedematous patient and the 
second euthyroid subject. 


VI. PAH loading data 


Eight patients were included in this group. Af- 
ter control periods, from 60 to 70 cc. of a 20 per 
cent solution of Na PAH was administered in- 
travenously as a priming solution and the sustain- 
ing infusion was calculated to maintain plasma 
levels at approximately 60 mg. per cent. A period 
of 45 minutes was allowed for equilibration of 
plasma levels. Diagnosis and mean clearance val- 
ues for each case are reproduced in Table III. 

Glomerular filtration rates for this group ranged 
from 49 to 139 cc. per min. In six of the eight 
cases, filtration rates decreased following PAH 
loading, (from one to 15 per cent). In seven of 
the eight cases, the I***/inulin clearance ratios 


Calculations of ,% change were performed prior to rounding numbers off. 


rose. Although the magnitude of the ratio changes 
was variable, the mean increase for the group was 
10 per cent. Sodium/inulin clearance ratios rose 
in all instances and the mean increase for the 
group was 291 per cent. Individual responses 
for chloride and potassium varied; however, the 
mean changes for both were positive. Thus, chlo- 
ride/inulin clearance ratios increased 55 per cent, 
and potassium/inulin clearance ratios increased 
30 per cent. 


VII. Mercurial diuretic data 


The effects of intravenous mercurial diuretics 
were studied in three euthyroid normal subjects. 
Details of one of these studies are shown graphi- 
cally in Figure 4. This patient received 2 cc. of 
Thiomerin® by single intravenous injection over 
a 10-minute period. Filtration rate declined ap- 
proximately 15 per cent from control levels sub- 
sequent to drug administration and remained rela- 
tively constant at the new level. Sodium and 
chloride excretion rates rose progressively follow- 
ing drug administration. Potassium excretion 
rate remained relatively stable. I***/inulin clear- 
ance ratios showed a tendency to decrease during 
the 3rd to 5th clearance periods following injec- 
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TABLE III 
The effects of PAH loading on Cin, C1/Cin, Cna/Cin, Cor/Cin, and Cx/Cin 








Cint 


Diagnosis* cc./min. 


Cna/Cin 
% 


o 


C1/Cin 
% 


Coi/Cin 
% 





Control 131 
Experimental 131 
% Changet 0 


139 
123 
—12 


Eut. norm. 


Control Eut. norm. 
Experimental 


% Change 


74 
70 
- 5 


94 
80 
—15 


49 
45 
-—7 


100 
90 


Control 
Experimental 
% Change 


Control 
Experimental 
% Change 


Control 
Experimental 
% Change 


Control 
Experimental 
% Change 


Eut-RD 


Control 
Experimental 
% Change 


Control 
Experimental 
% Change 


38 iP 
38 4. 
+ 0 +236 
32 iP 
33 4. 
+ 3 +187 


42 
43 
+ 3 


33 
40 
+22 


36 
42 
+15 


35 
39 
+12 
43 
46 
+7 
45 


53 
+19 


oa 

iS) 

on 

Rn 
Pu 


OU 
a NP 


no 


AKwW NUNS PAN 
om 


— 12 


1.11 
5.09 
+359 


+ 

on 

a 

be al 
Noss) 





Mean % Change 


+10 +291 + 55 





*Eut-RD = euthyroid patient with renal disease. Other definitions as in preceding tables. 


t Values corrected to 1.73 sq. m. body surface area. 


t Calculations of % change were performed prior to rounding numbers off. 


tion of the mercurial. Urine flow values rose only 
during the last two periods of observation. Re- 
sults in the other two cases were similar except 
that, 1) GFR did not drop, and 2) values for 
C;/Cj, remained essentially stable. 


VIII. The influence of the excretion of other elec- 
trolytes upon Chm 


In Figure 5 Chm is plotted against the concur- 
rent values for the clearance of sodium. Plots of 
Cq vs. Cyn and Cg vs. Cpa are qualitatively the 
same as that shown for Cy, vs. Cyn. Although a 
rough correlation exists in the group data between 
Cha and the clearances of the other electrolytes, 
the relationships are thought to represent an in- 
terdependence of each of the variables upon inulin 
clearance. 

Experiments performed in the presence of acute 
changes of excretion rates of Na, Cl, and K have 


failed to show changes in Cys which completely 
parallel any of the former ions. In a group of 
subjects with pulmonary tuberculosis, it has been 
noted that following peritoneal puncture with or 
without induction of pneumoperitoneum, excretion 
rates of sodium, chloride, and potassium decreased 
significantly (12). Values for the clearance of 
iodide, simultaneously determined, were variable 
and in several patients in whom marked decreases 
in excretion rates of other electrolytes occurred, 
iodide clearance was either unchanged or decreased 
only slightly. A representative study is shown 
in Figure 6. Other examples of an apparent dis- 
sociation of Cpa from the excretion of other 
electrolytes may be seen in the above noted experi- 
ments employing mercurial diuretics (Figure 4), 
PAH loading (Table III), and NaSCN adminis- 
tration (Table II), 
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IX. Urine flow 


Data for urine flow experiments were obtained 
from patients with normal renal function, having 
a range of glomerular filtration rates from 90 to 
153 cc. per min. per 1.73 sq.m. Experiments per- 
formed on three individual patients in the presence 
of decreasing rates of urine flow are shown in 
Figure 7. In each instance Cym, Cy, and the I***/ 
inulin clearance ratio are plotted against the 
urine/plasma (U/P) ratio for inulin. The latter 
is employed as a measure of the degree to which 
the glomerular filtrate has been concentrated by 
the reabsorption of water. The total range of 
U/P values for the three patients was from 9 to 
90. In none of the cases did I***/inulin clearance 
ratios decrease with increasing U/P values. 

Consecutive individual clearance periods ob- 
tained during constant or falling urine flows (in- 
creasing U/P values) were available in 16 stud- 
ies on patients with normal filtration rates. Of 
these, 10 cases (including the three shown in 
Figure 7) had variable or no changes in I***/in- 
ulin clearance ratios, four had decreasing I***/ 
inulin clearance ratios, and two had increasing 


I***/inulin clearance ratios. When the I***/inulin 
clearance ratios for these subjects are plotted 
against the inulin U/P ratios (circles in Figure 8), 
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there is a suggestion of a slight tendency for clear- 
ance ratios to decrease with increasing U/P values. 

The effects upon I***/inulin clearance ratios of 
increasing rates of urine flow, measured during 
the ascending limb of water diuresis, are repre- 
sented for an individual case in Figure 9. The 
first six clearance periods cover a range of urine 
flows from 0.7 to 5.8 cc. per min. per 1.73 sq. m., 
and a range of inulin U/P ratios from 190 to 20. 
The results fail to show a rise in I***/inulin clear- 
ance ratios with falling U/P values, and in fact a 
slight decrease in C;/C;, values occurred. With 
the onset of decreasing rates of urine flow (in- 
creasing inulin U/P values), clearance ratios re- 
mained essentially constant. 

Consecutive individual clearance periods ob- 
tained during rising urine flows were available in 
10 subjects with normal renal function. Exami- 
nation of these data showed no consistent change 
in I***/inulin clearance ratios with falling inulin 
U/P values. 


X. Osmotic diuresis 


The behavior of Cys: has been investigated in 
the presence of osmotic diuresis associated with 
mannitol loading and spontaneous osmotic diu- 
resis in patients with renal disease. 


AOSMOTIC DIURESIS 
@STEADY OR DECREASING 
URINE FLOW 
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U/P Ratio 





ON THE MECHANISM OF THE RENAL CLEARANCE OF 17°! 











PERIOD 


Fic. 9. Errects oF INCREASING URINE FLow on Crm 


A. Mannitol diuresis: Two patients were stud- 
ied during intravenous mannitol loading. The 
first case is shown in Table IV. Glomerular fil- 
tration rate remained relatively stable throughout 
the period of study. Inulin U/P ratios decreased 
from 20 to a minimum of 5. I***/inulin clearance 
ratios rose from 31 per cent to 60 per cent and 
urea/inulin clearance ratios rose from 47 per 
cent to 77 per cent. The percentage of filtered 
water excreted increased from 5.7 to 22. 


In the second patient subjected to mannitol diu- 
resis the results were comparable to the above 
study. Inulin U/P values decreased from a 
maximum control value of 40 to a minimum of 7.8 
and I?**/inulin clearance ratios increased from 32 
to 53 per cent. The percentage of filtered water 
excreted increased from 2.7 to 14. 

B. Osmotic diuresis associated with renal dis- 
ease: Two patients with chronic glomerulone- 
phritis, both with inulin U/P ratios below eight 


TABLE IV 
Osmotic diuresis after mannitol loading 








U/Pt 


Ciat C1/Cin Curea/Cin V/wC inf 
cc./min. % % % 





18.8 

17.8 

21.1 
Mannitol 


19. 
10. 


99 31 47 
93 33 47 
93 32 46 





*V = urine flow. 
ete = urine/plasma inulin ratio. 
Values corrected to 1.73 sq. m. body surface area. 


_ § Percentage of filtered water excreted was computed from the conventional formula V/wCin, where V is the true 
urine flow, Cin is the filtration rate, and w is the correction for water content of plasma. 
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were studied. The first patient had a glomerular 
filtration rate of 9.3 cc. per min. per 1.73 sq. m. 
and a mean inulin U/P value of 2.4. The I***/ 
inulin clearance ratios averaged 80 per cent in 
this subject as opposed to the range of 26 to 51 
per cent observed in 50 studies on patients with 
U/P ratios greater than 8. The second patient 
with chronic glomerulonephritis had an inulin 
U/P value of 4.4 and an I***/inulin clearance ra- 
tio of 58 per cent. 

Data were obtained from one patient with salt- 
losing nephritis. At the time of clearance meas- 
urements this subject was excreting from 13 to 15 
per cent of his filtered load of sodium and the 
average rate of excretion of sodium was 1 mEq. 
per min. Inulin U/P ratios ranged from 6.5 to 
8.7 and the I***/inulin clearance ratios averaged 61 
per cent. 


DISCUSSION 


Two general categories of data have been ob- 
tained in the present studies: a) Group data from 
individual subjects presumably in a steady state; 
and b) Data from individual subjects, each serv- 
ing as his own control, in whom experimental 
conditions were acutely altered. The group data 
supply general information which is representa- 
tive of the population. The individual studies al- 
low for an examination of certain of the dynamic 
aspects of iodide excretion. 

In the group data, a linear relationship between 
Chm and Cy, is apparent over a range of filtration 
rates from 40 to 155 cc. per min. Moreover, the 
values for Cpa were invariably less than the con- 
current values for Cj,. These observations imply 
that: a) Cys: is filtration dependent; and b) based 
on the assumption that plasma iodide is largely or 
completely filtered at the glomerulus, some of the 
filtered iodide ion is reabsorbed from the tubular 
urine. The nature of the tubular transport mech- 
anism is not apparent in the group data and the 
individual studies include a series of experiments 
designed to elucidate the properties of this mecha- 
nism. 

The filtration dependence of Cp was examined 
in the presence of acute alterations of glomerular 
filtration rate. Acute increases or decreases in 
GFR were always accompanied by changes in Cp 
which were in the same direction, but proportion- 
ately greater than those of Cy. I***/inulin clear- 
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ance ratios thus increased with rising filtration 
rates and decreased with falling filtration rates. 
It is well known that sudden alterations in 
filtration rate produce striking changes in elec- 
trolyte excretion. Such changes are presumably 
related to the creation of a glomerulo-tubular im- 
balance and with respect to the present study do 
not appear to offer direct information regarding 
the mechanism of the tubular transport of iodide. 
The possibility that Aminophylline, which was 
employed to increase GFR, specifically blocked 
the tubular reabsorption of iodide cannot be eval- 
uated on the basis of existing information. 

In contrast to the effects of elevating the fil- 
tered load of iodide by increasing GFR, elevation 
of filtered load through administration of an 
amount of stable iodide calculated to raise plasma 
I**" levels over a thousand-fold resulted in only 
a slight and inconsistent decrease in iodide/inulin 
clearance ratios. It is not yet clear whether 
this decrease is due to: 1) analytic error; 2) a 
change in the experimental conditions (e.g., failure 
of equilibration of loading doses with the io- 
dide, pool, decrease in filterability of iodide, etc.) ; 
or 3) a minor alteration in the transport of 
iodide relative to the filtered load. In any event, 
the data indicate that with large increases in 
plasma iodide concentrations, the rate of urinary 
excretion of inorganic iodide remains essentially 
proportional to plasma iodide levels. Reabsorp- 
tion, therefore, must also remain proportional to 
plasma iodide levels. The relative independence 
between Cys and plasma iodide levels, which has 
previously been noted by Childs, Keating, Rall, 
Williams, and Power (2), is more suggestive of 
passive reabsorption of iodide as a consequence of 
a concentration gradient between tubular urine 
and plasma than it is of active reabsorption. Thus, 
the clearance of a substance excreted by physical 
processes alone is essentially independent of plasma 
levels, whereas the clearance of a substance trans- 
ported by an active reabsorptive mechanism is in- 
fluenced in a characteristic manner by elevation of 
plasma levels beyond a critical point. It is quite 
possible that the present loading experiments did 
not elevate plasma iodide levels sufficiently high 
to demonstrate an iodide Tm, for despite a thou- 
sand-fold increase in plasma iodide concentrations, 
the latter were still present in micro quantities. 
If a transport maximum for iodide does exist, it 
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must be geared to an iodide level far in excess of 
the physiologic range and it may not be possible 
to demonstrate its presence in humans without 
administration of toxic doses of iodide. 

The data on iodide loading may also be exam- 
ined from the point of view of evaluating iodide se- 
cretion. In studies of potassium excretion, load- 
ing with potassium salts has frequently been found 
to induce demonstrable secretion of potassium 
(13). Moreover, chronic loading with potassium 
facilitates the excretion of sudden large loads at 
more rapid rates and frequently elevates the clear- 
ance of potassium above that of inulin (13). In 
the present studies not only did Cy/Cj, values not 
rise above unity after acute loading, but clearance 
ratios appeared to decrease slightly. In addition, 
chronic loading in two cases did not facilitate the 
excretion of sudden acute loads. In a subject 
with chronic renal disease, the opportunity to 
study iodide clearance in the presence of demon- 
strable K secretion was afforded (Figure 10). 
The potassium/inulin clearance ratio was 229 
per cent, whereas the iodide/inulin clearance ratio 
was 79 per cent. Acute iodide loading in this pa- 
tient resulted in a decrease in I***/inulin clearance 
ratio to 70 per cent, rather than in an increase to 
a level exceeding unity. Thus, neither in this pa- 
tient nor in any other subject studied to date has 
the value for Cpa exceeded that for Cin. 

Thiocyanate ion has long been known to block 
the ability of the thyroid gland to trap inorganic 
iodide. Recently, it has been shown that thiocya- 
nate also exhibits a rapid and definite blocking 
action on the iodide concentrating processes of the 
salivary gland (14, 15), although chloride secre- 


tion is apparently unaffected. Gastric secretion 
has also been altered by thiocyanate (16). Fi- 
nally, increases in urinary chloride have been ob- 
served after thiocyanate administration (17), and 
a significant sodium diuresis has been reported 
following oral doses of thiocyanate ion (18). On 
the basis of these facts, it might be anticipated that 
thiocyanate should influence the renal excretion 
of iodide if an active mechanism is responsible 
for the tubular transport of this ion. 


That the plasma concentrations of thiocyanate 
ion in the present patients were biologically active 
is suggested by the following: 1) In one subject 
salivary/plasma iodide ratios were measured be- 


fore and after thiocyanate administration. The 
values for this ratio decreased 63 per cent and 53 
per cent from control levels during the first and 
third clearance periods, respectively, after the ad- 
ministration of thiocyanate. 2) Plasma concen- 
trations of I*** increased sharply in the two hyper- 
thyroid patients and moderately in one of the two 
euthyroid subjects after NaSCN administration. 
These changes occurred during the infusion of I** 
at a constant rate and probably resulted from a 
decrease in the volume of distribution of I*** due 
to a blocking of the thyroidal iodide trapping 
mechanism. Consonant with this explanation is 
the fact that plasma I*** concentrations failed to 
rise after thiocyanate administration to the myx- 
edematous patient. 3) Sodium and chloride ex- 
cretion rates increased after thiocyanate adminis- 
tration in four of the five cases. 

The failure to demonstrate a significant thio- 
cyanate effect on the I***/inulin clearance ratios 
suggests that iodide is not handled by an active 
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tubular transport mechanism that may be affected 
by the thiocyanate ion. 

The experiments involving the intravenous ad- 
ministration of mercurial diuretics make it pos- 
sible to study the variations in Cys under the in- 
fluence of an agent capable of blocking sodium 
and/or chloride reabsorption. In each of the 
cases reported, sodium and chloride excretion 
rates increased following mercurial administration ; 
however, I***/inulin clearance ratios remained 
constant in two cases and decreased in the third. 
Thus, mercurial diuretics in doses sufficient to in- 
voke moderate natriuresis and chloruresis did not 
noticeably decrease the tubular reabsorption of 
iodide. 

Comparison of the clearance of I*** to the clear- 
ance of other electrolytes suggests that the tubu- 
lar transport of iodide is not identical to that of 
sodium, chloride, or potassium, all of which are 
governed by active transport mechanisms. Thus, 
1) the clearance of I'** (in cc. per min) is greater 
than Cys, Cy, and Cx; 2) Cym bears only an inci- 
dental relationship to the concurrent values for 
the clearances of sodium, chloride, and potassium 
in group data; and, 3) in individual studies alter- 
ing the excretion rates of sodium, chloride, and po- 
tassium acutely within a limited range by adminis- 
tration of PAH, NaSCN, and mercurial diuretics, 
and by peritoneal puncture has not induced pro- 
portional changes in Cy. 

The studies relating Cys: to rates of urine flow 
when the latter are decreasing are equivocal, but 
suggest at most a very slight relationship. Cys: 
does not appear to be influenced by rising rates of 
urine flow. 

The osmotic diuresis data indicate that the 
clearance of I*** approaches the glomerular filtra- 
tion rate as the inulin U/P ratio approaches one. 
This relationship shown in Figure 8 suggests that 
the tubular reabsorption of iodide may be a func- 
tion of the proximal tubular reabsorption of water. 

Certain points of similarity appear between 
the clearance of I*** and that of urea, a substance 
thought by most observers to be reabsorbed by 
passive back-diffusion. The data of Chasis and 
Smith (19) show that above a Cy, of 40, Curea is 
approximately a linear function of GFR. Above 
this level of C,,, I*** clearance is also a linear 
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function of Cy.7 In addition, both the clearance 
of urea (within a limited range) and the clearance 
of I*** are essentially independent of their respec- 
tive plasma levels. A further point of similarity 
between Curea and Cym is seen in osmotic diuresis 
studies. It has been noted that during osmotic di- 
uresis in the dog (20), urea/inulin clearance ra- 
tios rise with decreasing inulin U/P ratios such 
that at an extrapolated inulin U/P value of one, 
urea/inulin clearance ratios approach 100 per cent. 
At an extrapolated inulin U/P ratio of one, I,;,/ 
inulin clearance ratios also approach 100 per cent. 

The present studies bring to light at least one 
possible difference between the excretion patterns 
for iodide and that for urea. The clearance of 
urea is influenced in a definite and predictable 
manner by changing rates of urine flow. The in- 
fluence of decreasing rates of urine flow on Crs 
as has been mentioned, is equivocal. If any re- 
lationship exists, it is not of the same order of 
magnitude as that noted for urea in the studies of 
Shannon in dogs (20) or Chasis and Smith in 
humans (19). In the presence of rising urine 
flows, it is well established that urea/inulin clear- 
ance ratios demonstrate a spurious rise (i.e., 
“exaltation”). The present data fail to reveal 
a similar rise for I***/inulin clearance ratios. One 
possible explanation for the poor relationship be- 
tween Cs and urine flow is that the distal tubule 
and collecting ducts may be relatively impermeable 
to the back-diffusion of iodide. 

The majority of the present data appear most 
readily explicable on the basis of passive back- 
diffusion of iodide from tubular urine to plasma 
as a function of a concentration gradient created 
by the reabsorption of water from the glomerular 
filtrate. The fact that the iodide ion, despite its 
presence in trace quantities, must still be viewed 
as a charged particle does not appear to preclude 
diffusion as the mechanism of reabsorption. 


7 The linear correlation coefficient for the data of 
Chasis and Smith including all points where Cin exceeds 
40 is 0.71 (p= <.01). The linear correlation coefficient 
for the present data is 0.82 (p=<.01). It must be 
noted that the urea data were obtained from subjects 
with glomerulonephritis, whereas the I™ data were ob- 
tained predominantly from patients without renal dis- 
ease. This fact does not appear to invalidate the com- 
parison. 





ON THE MECHANISM OF THE RENAL CLEARANCE OF I'*! 


SUMMARY AND CONCLUSIONS 


1. The clearance of I'** has been determined 
(by constant infusion technique) simultaneously 
with other renal functions in an attempt to estab- 
lish the mechanism of iodide excretion in the hu- 
man kidney. Fifty-eight clearance studies were 
performed on 49 subjects with varying states of 
thyroid function and varying states of renal func- 
tion. 

2. In group data, Cys: has been noted to be a 
linear function of Cj, over a wide range of filtra- 
tion rates. Moreover, Cys: was always less than 
the concurrent value for Cj. 

3. Acute increases and decreases in filtration 
rate were associated with changes of Cp in 
the same direction as those of Cj, but these 
changes were always proportionately greater than 
those of GFR. 

4. Increasing the filtered load of iodide by in- 
organic iodide loading resulted in slight decreases 
in I***/inulin clearance ratios rather than; a) an 
increase in Cys values asymptotically toward the 
concurrent values for Cj, as might occur if a reab- 
sorptive Tm had been surpassed, or b) an increase 
in I***/inulin clearance ratios above unity as might 
occur if a tubular secretory mechanism existed. 
The influence upon the renal clearance of 
I'*! of agents capable of blocking renal tubular 
and/or iodide transport mechanisms has_ been 


c 
8 


investigated. 

a) Sodium thiocyanate did not materially alter 
I'*'/inulin clearance ratios, although plasma thio- 
cyanate concentrations were adequate to alter 
plasma I*** levels and to change salivary/plasma 
I'*! concentration ratios. 

b) PAH loading was associated with slight 
increases in I***/inulin clearance ratios in the 
presence of slight decreases in glomerular filtra- 
tion rates. These alterations in the clearance ra- 
tios have been provisionally attributed to an os- 
motic diuretic effect of the loading agent. 

c) Mercurial diuretics did not increase [**1/ 
inulin clearance ratios despite a moderate natriure- 
sis and chloruresis. 

6. The clearance of I'** has been found to be 
essentially independent of the clearance of Na, 
Cl, and K in group data. In the presence of acute 
changes in excretion rates of Na, Cl, and K within 
limited ranges of the latter, Cys exhibited only 
minor changes. 
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7. I** clearance has been found to be influenced 
at most to a slight degree by decreasing rates of 
urine flow, over a range of inulin U/P values 
from 8 to 100 and apparently not at all by increas- 
ing rates of urine flow over a range of inulin U/P 
values from 190 to 11. 

8. In the presence of osmotic diuresis, the I*%*/ 
inulin clearance ratios increased with decreasing 
inulin U/P values. At an extrapolated inulin 
U/P ratio of one, the I'*'/inulin clearance ratio 
approached 100 per cent. 

9. It is concluded on the basis of the present 
studies that iodide, in the human kidney, is filtered 
at the glomerulus and partially reabsorbed by the 
tubules. The data do not support the presence of 
an active tubular transport mechanism, and al- 
though this possibility cannot yet be excluded, it 
is provisionally held that iodide is reabsorbed pre- 
dominantly by passive back-diffusion. 
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3ean and Hodges (1) gave a preliminary report 
of four young men in whom clinical disorders and 
metabolic faults were induced by a “diet” devoid 
of pantothenic acid, with omega-methylpanto- 
thenic acid, a vitamin antagonist (Figure 1). It 
is proposed here to describe details of the experi- 
ments, and some interpretations. The 
background for using molecular antagonists (2, 3) 
in human nutrition had been explored previously 
using antagonists to nicotinic acid (4). 

Among the accepted B-complex vitamins, pan- 
tothenic acid has been most puzzling in human nu- 
trition. Its discovery by Williams, Lyman, Good- 
year, Truesdail, and Holaday (5) and its presence 
in coenzyme A (6) suggested metabolic functions 
in man. Its employment in treating undernour- 
ished persons yielded no clue. Data from experi- 
mental animals revealed that the principal mani- 
festations of its deficiency are those of adrenal 


results, 


cortical failure, accompanied by low plasma cho- 
gastrointestinal symptoms and _ lesions, 
impaired antibody production, neurological lesions 


lesterol, 


and alterations of the epidermis (7-11). The 
function of pantothenic acid in animals has been 
clarified by Drell, Dunn and their co-workers (12- 
15) who synthesized omega-methylpantothenic 
acid, demonstrated that it antagonized panto- 
thenic acid, determined its toxicity in animals and 
showed that its deleterious effects could be re- 
versed or prevented by pantothenic acid. Some 
of these observations were verified and extended 
by Shils (16). 


PROCEDURES 


Early in 1950 we tried to induce pantothenic acid de- 
ficiency in a healthy young man. With the principle of 
metabolic antagonists well established, with pantothenic 


1 Supported by The Medical Department Trust Fund 
and grants from the Eli Lilly Company, The Nutrition 
Foundation and The National Vitamin Foundation. 


acid available for parenteral use, with several adrenal 
steroids and ACTH on hand, and with the clear under- 
standing by the subject that he might suffer bad effects 
(17), we proceeded with an experiment of probable 
hazard. Several of us took small and then larger 
amounts of pantoyltaurine (18) for taste, irritating ef- 
fects and any obvious sign or symptom. It produced no 
effect. After six months the first subject, eating a good 
diet, was taking 4 grams of pantoyltaurine a day with- 
out any observable effect on signs or symptoms. Since 
the hospital diet had more pantothenic acid than was re- 
ported in standard tables, a mixture of synthetic and 
purified preparations, supplemented with minerals and 
the known vitamins, except for pantothenic acid, was 


CHEMICAL FORMULAE 


\.Pantothenic Acid 


On 0 H H H 

C c— COOH 
' 

H H 


2.omega-Methylpantothenic Acid 
H 
eaten eer cam ' 
- OH} H-G-H OHO H H 
0 oo ' 


H- c¢é——¢-_—c—c- N— C— 
ys ' 


Cs a H-C-H H H 
H 


3. Pantoyltaurine 
H 
H H-C-H OH O H H H 
HO—C—C——c—C—-N—C—-¢ ' 
H H- C- HH HF 
H 


4. 8 (B-L-Glutamyl)- Aminopropionitrile 

men ow HM 
Hooc-C—¢—¢—G—N—C—C—CEN 

H H H H H 


Fic. 1. StrrucruraAL ForMULA OF PANTOTHENIC AcID 


AND RELATED COMPOUNDS 
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TABLE I 





Composition of formula 


Vitamin supplement 


Composition of salt mixture 








Granulated sugar 290 gm. 
Cornstarch 75 gm. 

Water 750 ml. 
Vitamin-free casein* 125 gm. 

Corn oil 90 gm. 
Cystine 750 mg. 
Vitamin A 5330 U.S.P. units 
Vitamin D 1070 U.S.P. units 
NaHCO; 10 gm. 
Calories 3000 


Riboflavin 
Pyridoxine 


Niacin 





The three subjectst had the following characteristics: 


M. C. was a 29-year old man who had always had excellent health. 
fracture of the nose eight years previously and a Neisserian infection ten years previously. 
He was normal except for a deviated septum and a few carious teeth. 


and the weight was 137 pounds. 
blood pressure was 110/60. 


L. N. was a 32-year old man who had always had excellent health. 
His height was 5 feet 8 inches and his weight was 188 pounds. 
His arterial blood pressure was 130/80. 


hood and dysentery in 1941 while in military service. 
He was slightly fat and had some carious teeth. 


D. was a 27-year old man who had had excellent health. 
pain in the left side of the chest a year previously and an attack of phlebitis in the leg many years ago. 
X-ray of the chest revealed no lesion. 
His arterial blood pressure was 130/78. 


examination revealed a normal man. 
weight 138 pounds. 


* Contains 20 mcg. Vitamin By by assay. 


Thiamine hydrochloride 


Ascorbic acid 


Subjects 


Calcium biphosphate 
Calcium lactate 

Ferric citrate 

Magnesium sulfate 

Dibasic potassium phosphate 
Sodium biphosphate 

Sodium chloride 


The past history was negative except for a 
The height was 5 feet 9 inches 
The arterial 


His past history revealed pneumonia in child- 
His past history revealed a few episodes of pleuritic 


The physical 
His height was 5 feet 8 inches and his 


We were enabled to do the study with prisoners as volunteers through the thoughtful cooperation of Mr. Roy 
Purcell, warden of the Iowa State Reformatory at Anamosa, and with the authorization of the State Board of Control, 


Mr. Henry W. Burma, Chairman. 


used. The formula (Table I) had to be given by 
stomach tube. Without any added antagonist it caused 
lowering of plasma cholesterol and some impairment of 
the eosinopenic response to ACTH. Clinical signs of 
deficiency did not appear. 

To this pantothenic acid free diet we added the antag- 
onist, pantoyltaurine (Figure 1). After twenty months 
elapsed with several periods of return to a normal diet, 
no obvious effect pantoyltaurine in 
quantities several hundred times greater than the average 
daily intake of pantothenic acid. The pantothenic acid 
free diet alone for four weeks or with pantoyltaurine for 
weeks led to no symptom and little metabolic 
change. We concluded that pantoyltaurine was not an 
antagonist or might even act as a vitamin. It was ab- 
sorbed and excreted in the urine which inhibited growth 
of the test organism while pantoyltaurine was being 
given. Since no sign was produced, and no significant 
change occurred in any of the tests we concluded that 
the diet was adequate, and the antagonist inert in the dose 


was produced by 


eight 


used. 

The next step was made possible when omega-methyl- 
pantothenic acid (Figure 1) became available (13-15). 
After we had tried it for immediate acute toxic or irri- 
tating effects we gave it to three volunteers. In the origi- 
nal subject it produced biochemical lesions, symptoms, 
and signs. The formula, vitamins and salt mixture were 
given in three equal parts three times a day by stomach 
tube (Table I). The subjects adjusted well to this 
method of getting nourishment. Water and black coffee 


were allowed as desired. The subjects were examined 
daily. They were not confined to bed but were under 
surveillance by a nurse or attendant at all times. The 
biochemical tests were done according to the plan seen 
in Figure 2 and Table II. 

TABLE II 
Schedule of tests and methods 


Daily 
Acetylation of para-aminobenzoic acid (19) 
Urinary 17-ketosteroids (20) 
Urinary creatinine; 24-hour urine volume 
Body weight, basal and standing blood pressure and 
pulse 


Twice a week 
Plasma cholesterol (21) 
Plasma cholesterol esters (21) 
Eosinophile response to ACTH (22, 23) 
Once a week 
Gastric analysis 
Insulin sensitivity test (24-29) 
Glucose tolerance test 
Water diuresis test (30) 
Blood studies 
Every two weeks 
Plasma protein tests (31, 32) 
Bromsulphalein test 
Color photographs 
Irregular 


Ca, P, N, balances 
Excretion of thiamine, niacin and ascorbic acid (33-36) 








PANTOTHENIC ACID DEFICIENCY INDUCED IN HUMAN SUBJECTS 


CONDITIONS I um Ma mrb Ic 
DURATION 12 Days 25 Doys 6 Days 10 Days 14 Doys 
Well balanced |Special diet by 

normal diet |stomach tube 


Pantothenic mg mg mg 
Acid 30™Y, None 4000"Y 2000 ™Y 








DIET Special diet by stomach tube 








VITAMINS < B-12 20meg 20mcg 20mcg ieortvauee 20mcg 








Others Asin Table! | Asin Table | As in Twice quantity in Table | 
. 


Table | 

ANTAGONIST pA 
omega - Methylpan- None 500 ¥, None None 
tothenic Acid 








E. None None + ++ 
CORTISONE M. None None None +++ 
L None None None +tt 























+ A single intramuscular injection of 100 mg Cortisone on day 2, period Ila 
75 mg Cortisone orally day !- Period IIb 

++ Subject E.D. 2375" ry x eS a © th be 
: a 


125" * . 
= ° 2 : 
+#+ Subjects MC,LN 375 . . « 


25 
125° 


Fic. 2, Tue PATTrern oF Test Periops, Diet, ANTAGONISTS, VITAMINS AND OTHER 
THERAPY 


The test ran from 23 March to 28 May, 1954. 


Our original plan was to have three major experi- general appearance, skin, and mucous membranes 
mental periods v1 the control, II the deficiency, Tit the did not change. During Period II the subjects, 
recovery, and, if time permitted, IV a repetition of the 


dalhcSeasais- wendtink: ‘Tex ‘acta tank tin setdnda: ware: a2- hitherto cheerful, became quarrelsome, sullen, and 
ranged as follows: I, the control period, lasted for 12 petulant. At times they spent most of the day in 
days. Period II was the deficiency period. The only bed. Somnolence was particularly evident in 
change was that the subjects got 0.5 grams of omega- L. N. and E. D. From the 12th to 16th davs of 
methylpantothenic acid instead of pantothenic acid in the Period PRE er ee SEY a 

formula. This period continued for 25 days, by which eriod IT each subject independently complained 
time full-fledged manifestations of deficiency were ap- Of numbness and tingling of the hands and feet. 
parent. Period III was divided into sections: III-a, 6 At first this was transient and occurred only dur- 
days, III-b, 10 days, and III-c, 14 days. The third pe- 
riod was to have been identical with the second except ps a 
for 4 grams of pantothenic acid added to the diet every source of annoyance. [he men frequently 
day. Early in this planned recovery period, though some stamped their feet and shook or wrung their hands 
improvement occurred, the well-being of the subjects jn an effort to restore normal sensation. E. D. 
was deteriorating. It was thought dangerous to con- 
tinue. We gave cortisone as indicated in Figure 2 and Kes " : : 
a general diet during this 10-day period; the antagonist © his feet. M. C. developed a steppage gait with 
was omitted. Period III-c lasted 14 days. The syn- weak dorsiflexion of the feet ; the third complained 
thetic diet was resumed, and pantothenic acid was given 
in the amount of two grams daily. No further antag- 
onist was given. The men were observed at intervals 
for a few months after the experiment. They showed Of the extensor muscles and interossei of the hands, 
no signs of persistent disorder except subject E.D. He and inability to walk on tip-toe. Sensory percep- 
had slight edema in the leg in which he had had phlebitis 
a number of years before. There was no recurrence of : . 8 
neurological sign or symptom. and two-point sensation. Position sense was 


ing inactivity. Later paresthesias were a constant 


had an especially disagreeable burning sensation 


of constant numbness of the hands. All subjects 
had hyperactive deep tendon reflexes, weakness 


tion remained intact for pain, thermal, vibratory 


slightly impaired in one man. Plantar reflexes 
RESULTS remained normal. The paresthesias cleared up 


Clinical completely in Period III-a but the motor changes 


Some of the pitfalls in nutritional experiments did not. The motor changes cleared slowly in Pe- 
in man have been noted (37). In the subjects, riod III-b and III-c. 
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28 ais 42 
Fic. 3. REPRESENTATIVE CHART OF BLOop PRESSURE, WEIGHT AND URINE VOLUME 
Note the slight fall in resting blood pressure during Period II and the rise which co- 
incided with the occurrence of edema. The edema persisted one to three weeks after 
cortisone was discontinued. 


Gastrointestinal changes are the subject of a The three subjects showed less evidence of cardio- 
separate report (38). vascular changes (Figure 3), but during the de- 
In our first patient (J. S.) we noted lability of ficiency period they had pulse rates of up to 120 
pulse rate and a very wide pulse pressure (1). following minor exertion. This was not accom- 


ACETYLATION of PABA 





PERCENT 





2 3 
WEEKS 


Fic. 4a. Per Cent or Excretep PABA IN THE ACETYLATED Form nN J. S. 





PANTOTHENIC ACID DEFICIENCY INDUCED IN HUMAN SUBJECTS 


ACETYLATION of PABA 


PERCENT 


ee 


lg 


Wp . We, 
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Fic. 48. 


Per Cent oF Excretep PABA IN THE ACETYLATED Form In E. D., 


M. C., AND L. N. 


panied by dyspnea or distress. The basal systolic 
and diastolic blood pressures decreased. They had 
some orthostatic instability, occasional dizzy spells, 
but no fainting. After replacement therapy and 
cortisone were started, all three subjects had a 
rise in blood pressure which then gradually re- 
turned to normal. 

During the deficiency period the three men had 
almost continual upper respiratory infections, par- 
ticularly acute pharyngitis. E. D. developed lobar 
pneumonia at the start of Period II. It responded 
rapidly to therapy with penicillin. His leukocyte 
count was 19,800 per cu. mm. with 91 per cent 
polymorphonuclears. Subsequent studies in two 
other subjects on the same diet, without the antag- 
onist, given by tube for four weeks, revealed no 
infection. There was no infection in Period III-c. 

The first subject had a steady loss of weight 
not reversed by replacement of pantothenic acid 
in the diet. This pattern did not occur in the 
other subjects. Their weight remained constant 
until Period III-b, when they suddenly gained 
about 10 pounds, developed 2 + ankle edema and 
These events 
antedated cortisone administration in one subject 
but coincided with it in the other two. Edema 
disappeared and the weight returned to normal 8 


a moderate rise in blood pressure. 


TOLERANCE TESTS 
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GLUCOSE TOLERANCE AND INSULIN SENSITIVITY 
Curves IN J. S. 


Fic. 5a. 


During the deficiency state the blood glucose rose to 
high levels, but did not remain elevated very long. At 
the same time insulin sensitivity increased. In Period II 
and subsequently 5 instead of 10 units of insulin were 
used. 
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TOLERANCE TESTS 
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GLUCOSE TOLERANCE 


5 units 


mg/lOOml 


a 
HOURS 


Fic. 58. GLucosE TOLERANCE AND INSULIN SENSITIVITY TESTS IN SuBjJeEctT M. C. 


The dotted lines indicate the second test in a given period. 


PLASMA PROTEINS to 20 days after the administration of cortisone 


(Electrophoresis) was stopped. 


ED. ; 

ALoUMIN Metabolic studies 
The subjects normally acetylated 70 to 80 per 

cent of the excreted PABA . In our first subject 








(Figure 4a) his percentage fell to about 50 per 
cent during the deficiency period. In the other 
three subjects (Figure 48), however, the per cent 
of acetylated PABA remained near control levels 
until Periods III-b and III-c when it fell to 65 per 
cent. Administration of cortisone was followed by 











a prompt rise to 82 per cent. 
In our first subject glucose tolerance tests 
showed an elevation in fasting and peak levels of 





blood sugar (Figure 5a). This pattern was not 
found in the other subjects (Figure 58). Insulin 
tolerance tests, employing 10 units of regular in- 





sulin, resulted in troublesome hypoglycemia, so 
that during Period II, the dose was reduced to 5 





units. All four patients had increased insulin sen- 





sitivity, which gradually disappeared during the 
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Urinary excretion of bile and urobilinogen was 


Fic. 6. PLAsMA PrRoTeINs DETERMINED BY ELECTRO- ; 
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EosINoPpHILE RESPONSE TO ACTH 


Note the absolute rise of eosinophiles during Period II. 


in most instances the normal glucose tolerance 
curves provided further evidence of normal liver 
function. 

The albumin and total plasma proteins remained 
constant. However, the alpha,- and alpha,- glob- 
ulins rose in two men and returned toward normal 
during the close of the observation period (Fig- 
ure 6). Two of the three men had decreases in 
the gamma-globulin concentrations. E. D., with 
a progressive fall in this fraction, had continual 
severe upper respiratory infections. 

During Period I, eosinopenic responses to 
ACTH usually were normal. In Period II the 
responses were distinctly impaired or absent (Fig- 
ure 7). Following addition of pantothenic acid 
(Period III-a), the eosinopenic responses re- 
turned partially and were completely restored in 
Period I[II-c. The absolute eosinophile counts 
rose during the deficiency period and fell during 
the recovery period. 

During Period I, there was great reduction in 
both cholesterol and esters, but the per cent of 
esters remained constant (Figure 8). During 
Period II, the cholesterol levels remained low but 


late in the period the esters fell as did the per cent 
of esters. When pantothenic acid was given (Pe- 
riod III-a) the cholesterol esters fell off sharply, 
but were restored quickly during the administra- 
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tion of cortisone, vitamins and a nutritious diet 
(Period III-b). 

In subject J. S. there was a gradual decline in 
urinary 17-ketosteroid excretion during Period 
II. Similarly, in two of the three other subjects 
(Figure 9), the 17-ketosteroid excretion declined 
during the deficiency period. At the time panto- 
thenic acid was restored to the diet, however, two 
subjects had a sudden fall in 17-ketosteroid excre- 
tion. The 17-ketosteroid excretion gradually rose 
during the recovery period (III-c). 

During Period I the average plasma ascorbic 
acid levels were 1.6 and 1.5 mg. per 100 ml. and 
the average daily excretion in the urine was 40.3 
and 74.0 mg. in subjects M. C. and L. N. At the 
end of two weeks of Period II, the plasma levels 
were zero. The daily urinary excretion had fal- 
len to 19.1 and 38.7 mg., respectively. 

During the control Period I in one subject 28 
per cent of the dietary thiamine was excreted in 
the urine. This percentage rose to 58 per cent 
during Period II and fell to 19 per cent during 
the recovery period. For niacin, 41 per cent was 
excreted during the control period, 53 per cent 
during the deficiency period and 35 per cent dur- 
ing the recovery period. 


17-KETOSTEROID EXCRETION IN A REPRESENTATIVE SUBJECT 


Leukocyte counts were normal throughout. 
The only change in the differential leukocyte 
count was a rise in total eosinophiles during Pe- 
riod II. In one man they reached levels between 
700 and 900 per cu. mm. 
fection and fever, the expected leukocyte response 
occurred. The red cell counts and hemoglobin 
levels fell somewhat. A total of 540 ml. of blood 
was removed during the test (see Table IIT). 

Routine urinalysis failed to demonstrate any 
abnormalities until the recovery period when L. N. 
developed a mild proteinuria which accompanied 
the elevation of blood pressure. Both urine and 
blood pressure became normal one week later. 
The somewhat irregular daily urinary output re- 


During episodes of in- 


TABLE III 


Erythrocyte counts and hemoglobin 


E.D. 


1 


Hgb., Gm./100 mil. 
RBC in millions, mm. 


Initial 


4. 
4.39 


15.3 
34.56 
13.7 
4.54 


End of 
Period II 


Hgb. 
RBC in millions 


12.6 
4.36 


11.2 
4.04 


11.0 
4.18 


End of 
Period III 


Hgb. 
RBC in millions 
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mained adequate even when edema was developing 
in all three subjects. 


DISCUSSION 
Clinical impressions 


Even without metabolic studies the severe clin- 
ical illness, the disturbance of neuromuscular func- 
tion, and the profound physical and mental de- 
pression were clear testimony that the subjects’ 
well-being was altered. 

The notorious variability of reactions to, and 
descriptions of, subjective sensations (39-42) led 
to underrating the paresthesias. When tendon re- 
flexes became hyperactive and steppage gait and 
foot drop occurred, the changes were obvious. The 
unpleasant sensations and later weakness may 
have come from a disorder of peripheral nerves 
but the muscles may have been the seat of the 
trouble. 

We did not try to quantitate emotional, intel- 
lectual, or psychomotor functions. There was a 


deterioration in mood, the attitude now sullen and 
petulant, now quiet and somnolent. 


How much 
of the disorder was an emotional reaction to illness 
and how much was a specific effect of deficiency 
on the central nervous system is speculative. 

The tendency to orthostatic instability varied 
erratically but did not parallel the complaint of 
weakness and clumsiness. Sometimes the sub- 
jects complained of dizziness, even at rest. There 
was no nystagmus and the Romberg test revealed 
unsteadiness no worse than with the eyes open. 
X-rays of the chest remained normal. The elec- 
trocardiogram revealed no change but sinus tachy- 
cardia. The abnormalities probably represent 
more than the neuro-circulatory adjustments to 
inactivity since they moderated during the re- 
covery period when general activity was still cur- 
tailed by weakness. 

The upward trend in blood pressure in Period 
III-b came after cortisone was given. Presum- 
ably the sudden effect of the steroid hormone may 
have been great because the adrenals were rela- 
tively inactive. This is in keeping with observa- 
tions of Lewis and Page (43) on the reduction of 
induced hypertension in dogs by pantothenic acid 
deficiency. Nothing suggests an underlying renal 
disturbance; and the output of urine was very 
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good during this as well as the other stages of the 
experiment. 

The infections which were so troublesome 
cleared up after a good diet was given. They did 
not recur during Period III-c or in any subject 
without the antagonist so it is unlikely that irri- 
tation of the pharynx from the tube was a factor. 

The relatively small changes in serum protein 
with an increase in alpha,-globulin, alpha,-globu- 
lin and fibrinogen and a decrease in gamma-globu- 
lin are in keeping with the possibility that specific 
antibodies were not being made adequately. Axel- 
rod (44) and the Zuckers (45) have reported this 
in animals. There was no granulocytosis such as 
Weir has described in pantothenic acid deficient 
mice (46). The rise in eosinophile count was as- 
sociated with no allergic state. The weight held 
steady until Period III-b when there was a sud- 
den increase. In two this coincided with the ad- 
ministration of cortisone but in the third subject 
it began before the day before cortisone was begun. 

There was a fall in acetylation during Period I 
continuing into Period II. Then there was a drift 
back toward normal and a consistent sharp fall in 
Period III-a when pantothenic acid was added to 
the deficient diet and the antagonist. There was a 
parallel decline in cholesterol esters (Figure 9), 
but the eosinopenic response to ACTH had come 
back. In Period III-b acetylation rose only to fall 
when the next tests were done (Figure 5). This 
rise may have been induced by cortisone. The 
fall occurred while clinical improvement was ad- 
vancing. In the final phase (Period III-c) the 
trend was back toward normal except for subject 
L. N. 

The sensitivity to insulin increased and we had 
to reduce the insulin dose from 10 to 5 units, and 
not give it intravenously. In what degree and in- 
deed whether pantothenic acid deficiency produces 
this effect directly or through the mediation of 
the adrenal cortex we do not know. The liver 
functioned well. 

The alterations of plasma protein fractions are 
similar to those discussed by Wintrobe, Jager, and 
Thorn (47) as reactions to stress and injury. 

Changes in eosinophiles are consistent with the 
evidence that eosinopenia induced by ACTH de- 
pends on the functional integrity of the adrenal 
cortex, and that this power was lost during the in- 
duced deficiency state. Cognate evidence of 
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adrenal involvement and its reflection on eosino- 
philes is the consistent rise in absolute numbers 
of eosinophiles during the deficiency. They did 
not return to the baseline figures with the addition 
of pantothenic acid in Period III-a but came down 
later. ACTH, 25 mg. twice a week, may have 
disturved the adrenal cortex. 

The diet was devoid of cholesterol and had 90 
grams of fat. The steady fall in cholesterol and 
its esters suggests that the levels of these com- 
pounds in the blood was reduced by their absence 
from the diet, but pantothenic acid metabolism 
may have been involved. During Period III-a 
when pantothenic acid was added cholesterol 
stayed the same but the esters dropped at the 
same time the 17-ketosteroid excretion was falling, 
eosinopenia induced by ACTH had returned, and 
acetylation was depressed. In Period III-c an- 
other roughly parallel decline in cholesterol and 
esters was not so fast nor so great as the initial 
fall. This difference may have been caused by 
the higher level of pantothenic supplementation, 
or by the residual effects of the cortisone and 
good diet. 

The tendency for a diminished 17-ketosteroid 
excretion during Period II was exaggerated dur- 
ing Period III-a when pantothenic acid was given. 
This alteration occurred in phase with the fall 
in cholesterol esters, the decline in acetylation 
and the return of the eosinopenic response to 
ACTH. Excretion of 17-ketosteroids remained 
low until cortisone therapy was discontinued. 
It then rose steadily but slowly until the end of 
the experiment. We interpret these observations 
as indicating a disorder in adrenal cortical func- 
tion induced by the deficiency in pantothenic acid. 

Unpublished observations on two subjects were 
made by J. F. Manresa (48). In both subjects 
plasma ascorbic acid had become zero by the end 
of the second week of the deficiency period (ii), 
and the 24-hour excretion was reduced by half. 
No clinical signs of scurvy appeared. Beyond the 
well known connection of ascorbic acid and adrenal 
function (16) we have no idea what this observa- 
tion signifies. 

G. A. Amago (49) studied the excretion of 
thiamine and niacin in the urine of one subject. 
Excretion of thiamine rose significantly and ex- 
cretion of niacin rose somewhat during pantothenic 
deficiency and returned to the control levels after 
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the depletion period. One of the master puzzles in 
clinical nutrition concerns the interrelationships 
of the many individual vitamins of the B complex. 
Our observations are not adequate for general 
conclusions. It is unlikely that the increased vita- 
min excretion could have caused any of the ob- 
served clinical disorders. This needs to be tested 
by further investigation. 

We tried to measure that adrenal cortical func- 
tion determined by challenging the subject with 
a large drink of water (30). The data are unsatis- 
factory because by the end of the first week of the 
small feedings of Period I, drinking the large 
quantity of water caused prompt diarrhea by a 
gastrocolic reflex. As this was never wholly over- 
come the inadequate response to the water may 
have represented reduced absorption. The re- 
sponse was essentially normal in Period III-b. 
It was our impression that adrenal hypofunction 
was responsible for part of the low excretion. 


Comments 


We would emphasize particularly the small 
number of subjects and the considerable varia- 
tions among them. The experiments were acute 
and severe. A milder deficiency lasting much 
longer might have produced a different state of 
disease. In the nature of our experimental plan 
we had to accept certain artifacts. Blood taken 
for tests probably contributed to the slight anemia. 
ACTH used to test eosinophile response no doubt 
had other effects on the adrenal cortex. The small 
volume of the formula and its low residue altered 
the bowel habits. Ingestion of a large amount of 
water was followed shortly by a watery diarrhea, 
thus obscuring any deterioration in the adrenal 
function of facilitating diuresis. 

The production of physical illness, a neuro- 
motor disorder and a series of biochemical disturb- 
ances by a diet devoid of pantothenic acid with an 
antagonist suggests that pantothenic acid is es- 
sential for man. We suggest further that the 
“burning feet” element of naturally occurring de- 
ficiency states may be mediated by pantothenic 
acid deficiency. This is in keeping with the clini- 
cal experiences reported by Gopalan (50). We are 
now testing a method of inhibiting some functions 
of the adrenal cortex by a reversible metabolic 
approach for a possible therapeutic role in ad- 





PANTOTHENIC ACID DEFICIENCY 


vanced hypertension and diabetes and in various 
kinds of neoplastic disease. We are studying 
the possible connections of pantothenic acid metab- 
olism with the dissecting aneurysm-kyphoscoliosis 
syndrome induced in rats by B-amino-propionitrile 
(Figure 1) (51, 52). This syndrome has some 
analogy with clinical lathyrism (42) and has some 
features in common with induced pantothenic de- 
ficiency. A diet with excessive quantities of 
sweet pea meal (Lathyrus odoratus) was the clue 
to finding the toxic factor producing the dissecting 
aneurysm-kyphoscoliosis syndrome in growing 
rats. 


CONCLUSIONS 


1. Subjects on a diet devoid of pantothenic acid, 
and with an antagonist, omega-methylpantothenic 
acid developed: 1) a neuromotor disorder; 2) 
cardiovascular instability especially in the upright 
position; 3) complaints referable to the ali- 
mentary canal; 4) repeated infections; and 5) 
physical and mental depression. They were not 
all relieved promptly by adding pantothenic acid 
to the diet. 


2. The biochemical changes included alterations 
in acetylation, carbohydrate metabolism, blood 
cholesterol, steroid hormone excretion, plasma 
protein; and failure of ACTH to induce eosino- 
penia. 

3. The individual variations were large. 
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Reports of animal experiments and results of 
preliminary studies by Bean and Hodges (1) in 
man indicated that the metabolic effects of panto- 
thenic acid deficiency in human subjects would be 
widespread and profound. Such was the case 
(2). Insofar as it was possible to predict the 
metabolic changes in this experiment it seemed 
likely that one feature would be a suppression of 
adrenal cortical function and that this might lead 


On 


to a secondary reduction of gastric secretion. 


the other hand, following Lipmann’s (3) demon- 
stration that pantothenic acid is the active principle 
of coenzyme A, it has been shown that many meta- 
bolic processes involve acetylation reactions in 


which coenzyme A is essential (4). This led to 
the hypothesis that coenzyme A might play a fun- 
damental part in the metabolism of parietal cells 
and that pantothenic acid deficiency would, there- 
fore, have a direct inhibitory effect on their pro- 
duction of hydrochloric acid. These were the 
theoretical considerations which led to the special 
study of gastric function during pantothenic acid 
deficiency in the hope of obtaining information of 
physiological and possibly therapeutic interest. 
This paper reports the results of these studies 
which were undertaken concurrently with those 
reported by Bean, Hodges, and Daum (2). 


MATERIALS AND METHODS 


The subjects of the experiment were three normal 
young adult men who had no previous history of gastro- 
intestinal disease. During the experiment there were 
five different dietary periods. Since a palatable diet de- 
ficient in pantothenic acid cannot be prepared from 
natural foods, a synthetic liquid formula was prepared 
and this was administered directly into the stomach 
through a plastic tube 5 mm. in diameter. This formula, 
which contained an adequate supply of all essential food 
factors, including pantothenic acid, was given for an ini- 
tial control period of 12 days. For a second period of 25 
days the same formula was used but pantothenic acid 
was omitted and omega-methylpantothenic acid, a meta- 


bolic antagonist to pantothenic acid, was substituted. 


accepted March 16, 1955) 


In the third phase of the experiment both pantothenic 
acid and the antagonist were administered with the ob- 
ject of correcting the deficiency. After six days of this 
regimen the expected improvement in the manifestations 
of deficiency had not occurred and it became necessary 
to allow a general diet by mouth supplemented by panto- 
At this stage there were 
cortex 


thenic acid and other vitamins. 


manifestations of insufficiency of the adrenal 
and cortisone was administered in small daily doses for 
four days (2). Three days after terminating cortisone 
therapy tube feeding resumed and continued for 
nine days as a final control period. The original formula 
containing pantothenic acid, but not the antagonist, was 


administered during this final period. 


was 


Three tests were selected to compare gastric secretory 
and motor function during the development of deficiency 
with the normal function during the initial control pe- 
riod and during the final recovery period. These tests 
were a modification of the serial test meal devised by 
Hunt and Spurrell (5, 6), the 
histamine, and the secretory response to insulin. 
all these tests plastic tubes 5 mm. in diameter and having 
Saliva 


secretory response to 


For 
one terminal and four lateral holes were used. 
was collected throughout each test by an oral catheter 
attached to an electric suction pump. 

Test meals were considered essential to the investiga- 
tion because they provide a physiological stimulus to 
gastric secretion and supply information about the empty- 
ing pattern of the stomach. Neither basal secretion nor 
histamine nor insulin tests provide direct chemical and 
mechanical stimulation of the stomach mucosa and wall. 
However, since the concentration of hydrochloric acid 
in gastric contents is dependent both on the rate of secre- 
tion and the rate of emptying of the stomach, fractional 
methods are of little value where quantitative informa- 
tion about secretion is required (7). In the technique 
devised by Hunt a series of meals of constant volume and 
composition and containing phenol red are completely 
withdrawn after different intervals of time on different 
days. Complete emptying of the stomach at the be- 
ginning and end of each meal is ensured by lavage with 
results 
of a series of meals composite graphs of the secretion 
and emptying during the whole digestive phase can be 
constructed. Hunt has shown that viscosity is unim- 
portant in a test meal and that the pectin in his original 
formula is unnecessary. 


a known volume of distilled water. From the 


He has found that a meal con- 
sisting of 750 ml. of sucrose solution containing 75 gm. 
sucrose and approximately 60 mgm. phenol red per liter- 
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is satisfactory (8). It has been confirmed in this labora- 
tory in eight normal subjects and patients with peptic 
ulcers that a meal of this composition will give remark- 
ably constant results from day to day with regard to 
both secretion and motility. By estimating the concen- 
tration of phenol red in the original meal and in the 
stomach contents on each occasion it is possible to calcu- 
late the volume of the original meal remaining in the 
stomach. By assuming that the concentration of dye 
leaving the stomach through the pylorus during each in- 
terval is equal to the mean of the initial and final con- 
centrations, the volume of gastric contents passing the 
pylorus during each time interval can be calculated. 
Penner, Hollander, and Saltzman (9) have shown that 
phenol red is suitable for this purpose as it is neither 
altered nor absorbed by the stomach. By a similar tech- 
nique if the concentrations of hydrochloric acid, total 
chloride and pepsin in the gastric contents are estimated 
in each of the series of meals, the quantity of these sub- 
stances which has passed the pylorus in between the time 
of withdrawal of each meal can be calculated. Since the 
volume of gastric contents at each time is known the 
amount of each constituent secreted at various stages of 
the digestive period can be estimated. In a series of 19 
normal subjects Hunt found that the gastric secretory and 
emptying pattern of each individual remained remarkably 
constant from day to day. He also showed that if the 
volume of the original meal remaining in the stomach 
(calculated from the volume of gastric contents and the 
concentration of phenol red) is plotted against time for 
a series of meals an exponential curve is obtained. 

In this laboratory exponential curves of gastric empty- 
ing have been obtained in 17 experiments on 15 normal 
subjects and patients with peptic ulcer, using a meal 
containing either pectin and sucrose 35 gm. per liter or 
The technique 
was, therefore, considered suitable for the demonstration 
of the effect of pantothenic acid deficiency on gastric 
motility. 
deficiency might be expected to alter the exponential 
curve obtained for each subject during the control period. 

The results of the studies of gastric secretion in re- 
sponse to the test meals, to histamine and to insulin have 
been expressed as volumes of parietal and non-parietal 
gastric juice. may be 
calculated from the amount of hydrochloric acid and 
total chloride secreted during a given period by using 
a formula evolved by Hunt (10) from Hollander’s (11) 
concept of two component secretion of gastric juice in 
dogs, and from Ihre’s (12) figures for the composition 
of pure gastric juice in man. This method has the ad- 
vantage of taking into account neutralization of hydro- 
chloric acid by the alkaline component of gastric secre- 


sucrose 75 gm. per liter without pectin. 


Any alteration of the emptying pattern during 


component of These volumes 


tion. 


In the present experiment the volume of gastric juice 
secreted changed to such a degree that construction of 
a composite graph for the volumes of parietal and non- 
parietal component was not possible. 
were therefore calculated for each individual meal from 


These volumes 


time zero to the time of withdrawal. Since gastric 
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secretion is generally rapid and constant for the first 30 
minutes after ingestion of the meal, this interval was 
selected for the comparison of test meal data obtained at 
different phases of the experiment. Where the actual 
time of withdrawal of the meal was close to 30 minutes 
this forms a sound method of comparison. Normal gas- 
tric secretion has been found to become slower after 30 
minutes and there is no way in which meals of longer 
duration can be compared with those of 30 minutes when 
the values for each are calculated from time zero, instead 
of being incorporated in a serial graph. Meals of longer 
duration were included in the present experiment so that 
data on gastric emptying could be obtained, and so that 
any rise in secretory rate at a late stage in the digestive 
period would not be overlooked. The result of each of 
these meals was plotted on a graph of time against vol- 
ume of gastric juice and a straight line was drawn from 
this point to time zero volume zero. The volume was 
read from the point at which this straight line crossed 
the line representing 30 minutes. It is realized that this 
method gives an approximate estimate only of the ac- 
tual secretion at 30 minutes but since the figures ob- 
tained were not inconsistent with 
the actual duration of the meal was 30 minutes, they 
This 
method would reflect any gross changes in secretion dur- 
ing the latter part of the digestive phase from one pe- 
riod of the experiment to another. Where the actual 
time of withdrawal was less than 30 minutes the same 
method of expressing the results was used. 


those obtained when 


have been included in the graphs of the results. 


Since gastric 
secretion generally remains constant in rate for the first 
30 minutes the method is probably more accurate in this 
instance. 
before 30 minutes this method would tend to produce 
The pep- 
sin secretion was treated in the same way, graphs being 
drawn to determine the estimated total pepsin secretion 
at 30 minutes. 

In order to determine the response of the parietal cells 
to direct chemical stimulation the volume of gastric 
juice secreted in response to the subcutaneous injection 
of histamine was measured during the initial control pe- 
riod, during the deficient diet and during the final con- 
trol period. Wangensteen’s apparatus was used to col- 
lect gastric secretion by continuous suction for 30 min- 
utes before and 90 minutes after histamine. In addition, 
manual suction with a syringe was used at intervals of 30 
minutes to check the patency of the tube. Blockage, when 
it occurred, was cleared by injecting small quantities of 
air. In view of the role pantothenic acid is believed to 
play in the metabolism of histamine (4) and the reduc- 
tion of histaminase in the alimentary canal in adrenal in- 
sufficiency, (13) small doses (0.5 or 1.0 mgm.) of hista- 
mine phosphate were used. In addition each 
preceded by an injection of 2 ml. of the antihistamine, 
Thenfadil®, given intramuscularly, 30 minutes before the 
histamine dose to prevent untoward reactions. From the 
volume of gastric juice collected and the concentration of 
hydrochloric acid, total chloride and pepsin, the total 
amount of these constituents secreted in response to his- 


If some slowing of secretory rate did occur 


unduly high readings for 30-minute secretion. 


test was 
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tamine was calculated. Using the same formula as in the 
serial test meals, these figures were converted into vol- 
umes of parietal and non-parietal components of gastric 
juice. 

The gastric response to insulin was included in the 
investigation since this provides an indication of the 
sensitivity of the receptor-conductor mechanism for neuro- 
genic stimuli to gastric secretion. It may thus serve to 
differentiate factors acting directly on the parietal cells 
from those acting on the psychic or reflex secretion of 
gastric juice. Since pantothenic acid deficiency sup- 
presses adrenal cortical function in animals it was ex- 
pected that the subjects of the experiment would de- 
Small doses (5 
or 10 units) of insulin were, therefore, used and these 


velop some hypersensitivity to insulin. 


were given subcutaneously instead of intravenously. 
This made it necessary to collect gastric juice for a pe- 
riod of 150 minutes after insulin instead of 60 or 90 
minutes. The technique of collection of gastric juice 
was the same as in the histamine tests, the insulin in- 
jection being preceded by collection of basal secretion for 
30 minutes. 
blood sugar estimation once before insulin and at in- 


tervals of 30 minutes thereafter. 


Finger-tip blood samples were collected for 


The lowest reading 
of blood sugar was usually obtained at 60 minutes and 
occasionally at 90 minutes after insulin. The average 
fall of blood sugar was 36 mgm. per 100 ml. and on only 
two occasions was the fall less than 30 mgm. per 100 ml. 
A level of 50 mgm. per 100 ml. in venous blood is gen- 
As the 
concentration of sugar in capillary blood is approximately 


erally considered a satisfactory hypoglycemia. 


10 mgm. per 100 ml. higher than in venous blood, and as 
the capillary blood sugar level fell to 60 mgm. per 100 ml. 
or less in every test in this experiment, the hypoglycemia 
induced by the method used was considered adequate. 
The 
component and the quantity of pepsin secreted in re- 
sponse to hypoglycemia were calculated in the same way 
as in the histamine tests and the test meals. 


volumes of parietal component and _ non-parietal 


The hydrochloric acid concentration in all specimens 
was determined by electrometric titration against 0.1 N 
sodium hydroxide with pH 6.5 as the end-point (12), the 
sucrose solution used in the test meals having been ad- 
justed to pH 6.5 before administration. Phenol red does 
not have a sufficiently sharp end-point for use as the 
titration indicator, but its presence in the test meal speci- 
mens obscures Topfer’s reagent and phenolphthalein. 

Total chloride was also estimated by electrometric 
titration against 0.5 N silver nitrate solution using a 
silver-silver chloride electrode (12). This method is 
convenient, accurate and not affected by the presence of 
phenol red in the specimens. 

Pepsin concentrations were estimated by the method 
of Bucher, Grossman, and Ivy (14). The substrate was 
prepared from dried bovine hemoglobin 
powder (15). Anson’s (16) curve was used to convert 
the results to pepsin units. 


commercial 


PANTOTHENIC ACID DEFICIENCY 


RESULTS 


These are expressed graphically as volumes of 
parietal and non-parietal component and quantity 
of pepsin secreted in response to equal stimuli at 
different stages of the experiment. Figures 1, 2, 
and 3 show the results obtained in each of the 
three subjects. The whole shaded area represents 
the total volume of gastric juice, the dark shaded 
area shows the volume of parietal component, and 
the light shaded area shows the volume of non- 
parietal component. 

The first graph in each figure shows the secre- 
Above the re- 
sults of each test the time of withdrawal of the 
meal is shown. 


tory response to the test meals. 


In all three subjects at least one 
meal in each control period is comparable in dura- 
tion with a meal or meals during the second and 
third periods when the symptoms of deficiency 
were present. In many instances the duration of 
the test meals was sufficiently near to 30 minutes 
to justify direct comparison. This applies to meals 
1, 6, 8, 9, and 10 in subject M. C. (Figure 1) ; to 
meals 1, 5, 6, 8, 9, and 10 in the subject L. N. 
(Figure 2); to meals 1, 5, 8, and 9 in subject 
E. D. (Figure 3). On the basis of these meals 
alone it can be seen that in the subjects M. C. and 
L. N. (Figures 1 and 2) there was a profound 
fall in the gastric secretion, both of parietal and 


non-parietal components, during the period when 


the pantothenic acid deficient diet was being ad- 
ministered, with recovery during the final control 
period. The estimated 30-minute volumes of se- 
cretion derived from the meals of less than 30 
minutes are probably valid also, since these were 
all during the deficient period and the method 
tends to produce a value above the actual 30-min- 
ute secretion. The figures obtained from the 
meals of more than 30 minutes’ duration are con- 
sidered to show that no significant gastric secre- 
tory response occurred during the later stages of 
the digestive period. The subject E. D. (Figure 
3) shows a slight but much less significant fall 
during the period on the deficient diet. None of 
the three subjects showed a significant fall in the 
secretion of pepsin in response to a test meal, 
though the response to histamine and insulin is 
severely affected. 

In the second graph of Figures 1, 2, and 3 the 


secretory response to histamine is indicated. The 





1088 GEORGE H. M. THORNTON, WILLIAM 


Z Tube Fed —Contro! Diet 

mam * = =Deficient Diet + Antagonist 
Mie «= * =I +Pantothenic Acid 
EEIb Mouth Fed -Genero! Diet 

Miic Tube Fed Control Diet 


[LL PEPSin (thousands of unite) 


(EEE NON-PARIETAL COMPONENT 
GEE PARIETAL COMPONENT 


mc. I m> 


—— 





SERIAL” Test MEAL (vol. Gastric Juice in mi.) 
M33... 96... 7. AB Baan 30... 44 


emeTAsens Te TEST (vol. Gostic Juice ino. ) 


pasMiDenseconces G8... GD 


Ficure 1 


z Tube Fed - Control Diet 

Bi "= Deficient Diet + Antagonist 
Hic « « —II + Pontothenic Acid 
EIIb Mouth Fed-General Diet 
Tic Tube Fed —Control Diet 


SL pepsin (thousands of units) 


ED NON - PARIETAL 
GH PARIETAL COMPONENT 


: 





ooo 


SERIAL TEST EAL (vet Cosirie Juice in ml. 
wicammace’~ aaa = a 15: ie 


FIGURE 


B. BEAN, AND ROBERT E. HODGES 


_[ PEPSIN (thousands of units) 
[ITI NON-PARIETAL COMPONENT 
ME PARIETAL COMPONENT 


I Tube Fed~ ” Contes = 
a et A 

Tile « “a + Pulietieate Acid 
IIIb Mouth Fed~ General Diet 

Ic Tube Fed-Controi Diet 





bi Ic Wb mie 





€. 


ero 


SERIAL TEST MEAL (vol Gostrie J Juice in 
Duration of A I... _ 50. 


a 
N 


—e---= 


HISTAMINE rest (ae Contets Juice in b # 
a arenas Toe 


wo 


Ficure 3 
SECRETORY CHANGES 


PANTOTHENIC Acip DE- 
L. N., ano E. D. 


The figures for the serial test meals show the esti- 
mated secretion at 30 minutes. Those for the histamine 
tests and insulin tests show the actual secretion during 
90 and 150 minutes, respectively, after the test dose. 


Fics. 1, 2, anp 3. THe GASTRIC 


DURING THE DEVELOPMENT OF 
FICIENCY IN THE SuBjects M. C., 


dose of histamine phosphate in mgm. is indicated 
Subjects M. C. (Figure 1) and 
(Figure 2) again show a striking fall in 


above each test. 
L. N. 
secretory response both of parietal and non-parietal 
component and of pepsin during the induction of 
pantothenic acid deficiency, with recovery during 
the final control period. The subject E. D. shows 
no significant change since the dose of histamine 
was greater in the first test than in the other 
three tests and there is no appreciable rise during 
The first histamine test in this sub- 
ject was not obtained until seven days after be- 
ginning the deficient diet because of an attack of 
pharyngitis which made retention of a tube for 


recovery. 


120 minutes impossible. 
The third graph in each figure shows the secre- 
tory response to subcutaneous insulin. The dose 


of insulin and the lowest capillary blood sugar 
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reading obtained are indicated above the results 
of each test. As might be expected when there is 
a marked fall in response to histamine there is also 
a fall in response to hypoglycemia in subject 
M. C. (Figure 1) and L. N. (Figure 2). The 
subject E. D. (Figure 3) shows a definite though 
less marked fall in his gastric response to hypo- 
glycemia. 

The test meal results were used to determine 
the effect of pantothenic acid deficiency on gastric 
motility. The number of meals obtained during 
‘ach phase of the experiment was not sufficient 
to prepare separate graphs for the initial and final 
control periods and for the period of the defi- 
cient diet. However, the logarithms of the vol- 
umes of the meals remaining in the stomach were 
plotted against time for each subject throughout 
the experiment. The results are shown in Figures 
4, 5, and 6. In spite of gross changes in the 
volume of gastric juice secreted into the stomach 
the same exponential emptying pattern is retained 
by the subjects M. C. (Figure 4) and L. N. (Fig- 
ure 5) throughout the experiment. The dis- 
crepant volumes found at 71 and 72 minutes in 
the subject E. D. (Figure 6) coincided with the 
pharyngitis already mentioned. His psychological 
reaction to the discomfort of being subjected to a 
test mea! under these circumstances may explain 
the delay in gastric emptying (17). If they are 
excluded from the graph he also appears to have 
retained the same exponential emptying pattern. 


DISCUSSION 
The results of this experiment suggest that an 


adequate intake of pantothenic acid is essential to 
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Each graph includes results obtained during the initial 
and final control periods as well as during the period 
of pantothenic acid deficiency. 


normal gastric secretory function, but not to nor- 
mal motility. The conditions of the experiment 
were abnormal in that the three subjects were re- 
ceiving a synthetic diet directly into the stomach 
instead of a natural diet by mouth. There is no 
report in the literature on the effect of prolonged 
tube feeding on gastric secretion but it is common 
experience that the use of a milk drip, in the treat- 
ment of peptic ulcer, causes a temporary neutrali- 
zation of acid in the stomach rather than any sup- 
pression of secretion. If the results obtained were 
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caused by tube feeding alone some fall of secre- 
tion should have become apparent during the ini- 
tial control period of 12 days and improvement of 
gastric function during the final control period 
would be most unlikely. In addition, the pepsin 
secretion in response to the test meals would be 
expected to undergo suppression to an extent 
similar to the other constituents of gastric juice. 
It is believed, therefore, that pantothenic acid de- 
ficiency was in fact responsible for the secretory 
changes. Though there are many reports (4) of 
the effects of pantothenic acid deficiency on other 
tissue in animal experiments, there are no re- 
ports of the effects on the stomach of man or ani- 
mals. 

Pantothenic acid deficiency might bring about a 
depression of secretion of gastric juice by two pos- 
sible mechanisms. Since coenzyme A is essential 
to the formation of cortisone by the adrenal cortex 
in rats (18) and since the subjects of the ex- 
periment showed evidence of adrenal cortical dys- 
function, (1, 2), it is possible that the effects were 
due to a deficient supply of cortisone. Since it 
was necessary to administer cortisone and restore 
vitamins to the diet simultaneously, because of 
severe symptoms, it is not possible to say which 
factor was responsible for restoring normal secre- 
tion. The diminished hydrochloric acid secretion 
commonly found in Addison’s disease is in keep- 
ing with such a mechanism. The absence of a 
fall in pepsin secretion in the test meals in the 
present experiment is inconsistent with the find- 
ing of Spiro, Reinfenstein, and Gray (19) that 
uropepsin is absent from the urine of patients with 
Addison’s disease and could be restored by giving 
cortisone. There is, however, insufficient evidence 
to establish whether or not the diminished gastric 
secretion was mediated through the adrenal cortex. 

Alternatively coenzyme A might be essential to 
the metabolic processes whereby the parietal cells 
secrete hydrochloric acid. The “electron-cycle” 
mechanism described by Crane, Davies, and 
Longmuir (20) postulates the enzyme substrate 


+2H 
system oxaloacetate = L-malate to account for 


the transfer of hydrogen atoms across the peri- 
canalicular zone of the parietal cells. Coenzyme A 
presumably plays a part in this mechanism. De- 
ficiency of pantothenic acid could theoretically 
block the mechanism of secretion at this point, if 
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the electron-cycle mechanism is the true process 
by which hydrochloric acid is produced. Since the 
precise mechanism of hydrochloric acid secretion 
and the precise metabolic functions of pantothenic 
acid have not been established, any theory as to 
the relationship between the two must, at present, 
remain purely speculative. The results of the 
present experiment merely show that such a rela- 
tionship does exist. Further work is now being 
undertaken with the object of investigating the 
means by which pantothenic acid deficiency in- 
hibits gastric secretion. 

The results of the experiment do not suggest 
a reason for the relatively minor effect on the 
gastric secretion in one of the three subjects 
(E. D.). In this particular subject the central 
nervous system manifestations of deficiency and 
evidence of insufficiency of the adrenal cortex were 
more severe than in the other two subjects. This 
may be a manifestation of the variations ob- 
served in many deficiency states where a group of 
individuals are all affected by the same deficiency. 
Individual subjects of the present experiment 
showed considerable variation in the degree and 
rate of change in the system or tissue predomi- 
nantly involved (2). 


SUMMARY AND CONCLUSIONS 


1. Pantothenic acid deficiency was induced in 
a group of three normal human volunteers, by 
diet and the administration of a metabolic an- 
tagonist. 

2. Two of three subjects developed severe de- 
pression of gastric secretion which returned to 
normal after the experiment had been terminated. 

3. The changes affected the volume of parietal 
and non-parietal components secreted in response 
to a meal, to histamine and to insulin. 

4. Pepsin secretion in response to insulin and 
histamine was also diminished but pepsin response 
to a meal was unaffected. 

5. It is postulated that the parietal cells were 
depleted of an essential metabolic factor, possibly 
coenzyme A. The diminished secretion may, how- 
ever, have been an indirect result of depression of 
function of the adrenal cortex. 

6. There was no significant change in gastric 
motility as a result of pantothenic acid deficiency. 
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THE EFFECTS OF SLEEP AND LACK OF SLEEP ON THE CEREBRAL 
CIRCULATION AND METABOLISM OF NORMAL YOUNG MEN? 


By RENWARD MANGOLD, LOUIS SOKOLOFF, EUGENE CONNER, JEROME 
KLEINERMAN, PER-OLOF G. THERMAN, ann SEYMOUR S. KETY 


(From the Debartment of Physiology and Pharmacology, Graduate School of Medicine, the 
Department of Anesthesia, Hospital of the University of Pennsylvania, and the Har- 
rison Department of Surgical Research, University of Pennsylvania, 
Philadelphia, Penna.) 


(Submitted for publication October 21, 1954; accepted March 21, 1955) 


Numerous hypotheses have been elaborated in 
attempts to explain the puzzling phenomenon of 
sleep. Thus sleep has been attributed to arterial 
anoxemia, to cerebral ischemia or anoxia, or to a 
generalized narcosis on the basis of one or another 
metabolic alteration. Little information is avail- 
able, however, on the subject of cerebral metabo- 
lism and function during natural sleep. This 
might be explained to a great extent by the diffi- 
culties inherent in any experimental investigation 
during so labile a state as physiological sleep. 
Moreover, reasonably quantitative techniques for 
measuring the blood flow and oxygen consumption 
of the brain in unanesthetized animals and in man 
have become available only recently. Early at- 
tempis (1) to obtain at least qualitative informa- 
tion on the cerebral blood flow in man during sleep 
by means of brain plethysmography through tre- 
phine holes have yielded contradictory results. 
Later attempts with better methods of recording 
(2) have suggested a decrease in cerebral blood 
flow on passage from the waking state to short or 
long periods of sleep. More recently, Gibbs, 
Gibbs, and Lennox have attempted to obtain a 
better understanding of the cerebral circulation 
during sleep by means of the thermoelectric flow 
recorder (3). They found no significant altera- 
tion in cerebral blood flow during short periods of 
sleep in four epileptic patients. Unfortunately, 
arterio-cerebral venous oxygen differences were 
not measured simultaneously, and no information 
on the important question of the oxygen consump- 
tion of the brain was obtained. 

Recently developed methods permit a more 
quantitative determination of the cerebral blood 


1 This investigation was supported in part by a re- 
search grant from the Division of Research Grants and 
Fellowships of the National Institutes of Health, United 
States Public Health Service. 


flow and oxygen consumption during natural 
sleep. It was to obtain such information as well 


as to test some of the previously proposed hypo- 
theses that the present study was undertaken. 


METHOD 


Attempts to measure cerebral blood flow by means of 
the nitrous oxide technique (4) during sleep were made 
in approximately fifty, healthy, young, male volunteers 
varying in age from 17 to 36 years. In order to facili- 
tate the induction of sleep under the conditions of the 
study, the subjects had remained awake for a period of 
approximately 20 hours, or about six hours beyond their 
normal bed-time, prior to the study. They are, therefore, 
referred to as “fatigued.” Except for making the sub- 
jects as comfortable as the procedure would allow, no 
drugs or other special methods for inducing sleep were 
employed. The studies were performed in the early 
morning hours, most often between 4 and 6 A.M., when 
the tendency to fall asleep after a prolonged period of 
wakefulness is generally greatest (2). In most cases 
the subjects had been fasting for several hours; a few 
had eaten a light meal approximately two hours prior 
to the study. 

In each study the subject was placed in the supine 
position, the needles were inserted in the internal jugu- 
lar bulb and the femoral artery, needle electrodes for 
EEG recording were placed in the scalp, and a mask was 
strapped on the face. The subject was then permitted to 
rest in this position for about thirty minutes to permit 
any physical and emotional disturbances attending the in- 
troduction of the needles to subside. At this point the 
first or control blood flow determination was performed. 
The room was then darkened and quieted, and the sub- 
ject, still in the same position, was given an opportunity 
to fall asleep. During this period the subject was usu- 
ally permitted to breathe room air through a valve con- 
nected to the mask. In a few cases compressed air was 
fed from a tank into the mask through a reducing valve 
in an effort to minimize the waking effect of the gas flow 
associated with the nitrous oxide procedure. The state 
of wakefulness or sleep was followed by means of con- 
tinuous EEG recordings in the adjacent room from the 
four to eight scalp electrodes previously inserted. These 
recordings were made continuously throughout the study 
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including the periods during which cerebral blood flow 
measurements were being made. The mental state or 
level of sleep was evaluated by means of the EEG rec- 
ord on the basis of the classification of Gibbs and Gibbs 
(5) as well as by clinical observation including move- 
ments, snoring, and response to whispered commands. 
In no case was the subject considered asleep until after 
the appearance of the characteristic sleep spindles and 
delta waves in the EEG record (Figure 1). When, on 
the basis of all these criteria, the subject was con- 
sidered to be in state of sleep, a 
cerebral blood flow determination was made. The above 
procedure was followed in all the cases in Tables IA and 
IB except two (P. O. and McK.) in which the order was 
reversed, sleep occurring throughout the first determina- 
tion of cerebral blood flow and the control determination 
performed after the subjects had been awakened and 
kept awake for 45 and 55 minutes, respectively. 

In approximately fifty attempts an uninterrupted state 
of sleep of sufficient depth and duration to fulfill all the 
criteria was achieved in only six cases. A large num- 
ber of studies was discarded because independent review 


a relatively steady 


of the EEG record failed to confirm the presence of a 
steady state of sleep throughout the period of cerebral 
blood flow determination or revealed momentary epi- 
sodes of sleep rhythms during the control period. In 
some of those cases in which sleep did not occur, a sec- 
ond cerebral blood flow determination was made under 
exactly the same conditions as the first to form a group 
of “consecutive fatigued controls” with which to study 
the variation between two consecutive determinations in 
the same individual done under identical conditions but 
separated in time by an interval approximating that be- 
tween the control and sleep determinations. 

In all the studies mean arterial blood pressure was 
measured with a damped mercury manometer attached 
to the femoral arterial needle. Blood oxygen and car- 
bon dioxide contents were determined by the mano- 
metric method of Van Slyke and Neill (6). Total hemo- 
globin concentration in arterial blood was measured in 


wm nad 


1 sec SLEEP 


‘ileltie Nance 
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the Evelyn photometer according to a modification of the 
method of Evelyn and Malloy (7). Measurements of 
blood pH were made anerobically at room temperature by 
means of a glass electrode and Cambridge potentiometer 
and corrected to 37° C. by the factors of Rosenthal (8). 
Cerebral cerebral vascular re- 
sistance, and cerebral respiratory quotient were calcu- 
lated as previously described (4). Blood carbon dioxide 
tension was computed by means of the nomograms of 
Peters and Van Slyke (9). 


oxygen consumption, 


RESULTS 


In Tables IA and IB are presented the data ob- 
tained in the six subjects on whom complete sleep 
studies could be made. The results obtained in 
the consecutive fatigued control studies in 13 
subjects are presented in Tables IIA and IIB. 

It is apparent that during sleep cerebral blood 
flow (CBF) is increased, rising from 59 during 
the control state to 65 cc. per 100 g. per min. dur- 
ing sleep (p < 0.01) while no such statistically 
significant change in CBF was found in the con- 
secutive fatigued controls. The rise in CBF oc- 
curred in sleep despite a significant fall in mean ar- 
terial blood pressure (MABP) from 94 mm. Hg 
to 90 mm. Hg (p < 0.05). The series of consecu- 
tive studies on fatigued but awake subjects showed 
a significant blood pressure change in quite the op- 
posite direction, rising from a mean of 90 mm. Hg 
in the first to 96 mm. Hg in the second determina- 
tion (p < 0.01). This systematic change in MABP 
between two consecutive control determinations 
does not explain, however, the decrease found in 
sleep since the sleep series was a mixed one, sleep 
sometimes occurring in the first but more often 
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CEREBRAL CIRCULATION AND 


in the second of the two determinations. It seems 
warranted to conclude that the decreased MABP 
is associated with the phenomenon of sleep. The 
elevation of the blood pressure in the second of 
the consecutive controls was probably the result 
of the growing discomfort on the part of the sub- 
ject from lying in the same position for a pro- 
longed period. 

Since CBF increased despite a decreased 
MABBP, cerebral vascular resistance (CVR) must 
have fallen in sleep, as indicated in the change in 
its calculated value from 1.6 in the control deter- 
minations to 1.5 mm. Hg per cc. per 100 g. per 
min, during sleep (p< 0.01). On the other 
hand, CVR rose from a mean of 1.5 in the first to 
1.7 mm. Hg per cc. per 100 g. per min. in the sec- 
ond of the consecutive control determinations 
(p~ 0.01). The fall in CVR observed in sleep 
is probably associated with the phenomenon of 
sleep and, for the same reasons discussed in rela- 
tion to the MABP, cannot be explained simply by 
the systematic difference in CVR found to exist 
between two consecutive control determinations. 

Cerebral arterial-venous oxygen difference and 
cerebral oxygen consumption (CMRo,) showed no 
significant changes in either the sleep or the con- 
secutive control studies. Cerebral R. Q. did not 
change in sleep, but the mean value, 1.02, in the 
second of the consecutive control determinations 
significantly exceeded the mean value, 0.93, ob- 
tained in the first determination (p < 0.05), a 
finding for which no reasonable explanation is at 
hand. Arterial hemoglobin concentrations, ar- 
terial and cerebral venous oxygen and carbon di- 
oxide contents and pH did not change significantly 
in either group. Arterial and internal jugular 
carbon dioxide tensions (pCO,) were not sig- 
nificantly altered by sleep although it is interest- 
ing and possibly significant to note that these val- 
ues were appreciably higher in the sleep group, 
even in their control state, than in the fatigued 
group which could not sleep during the studies 
(p< 0.05 and p< 0.02, respectively). Simi- 
larly, the mean values for arterial and internal 
jugular blood pH were significantly lower in both 
determinations of the sleep group than in the 
fatigued group which failed to sleep (p < 0.05, 
respectively). In the consecutive control studies 
arterial pCO, remained unchanged, but the mean 
value of cerebral venous pCO,, 51 mm. Hg, in 
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the second determination significantly exceeded 
the mean value, 50 mm. Hg, in the first determina- 
tion (p< 0.05). This finding is probably re- 
lated to the tendency for the CBF to decrease in 
the second determination. 

In Table III, comparison is made between the 
results obtained in 25 awake but “fatigued” nor- 
mal young men and those observed in 11 normal 
rested young men studied similarly by the same 
group of investigators. The values obtained in 
the rested subjects agree closely with those previ- 
ously reported by Kety and Schmidt (4). These 
data are taken from the control values of various 
experimental procedures provided that the con- 
trol determinations were made first. Thus the 
fatigued group includes also the first of the con- 
secutive control determinations in Tables IIA and 
IIB and the control values of those sleep cases in 
Tables IA and IB in which the control determina- 
tion was first. On the basis of this comparison, 
no significant differences between fatigued and 
rested subjects could be found although the mean 
value for CBF, 64, in the fatigued group ex- 
ceeded the mean value, 55 cc. per 100 g. per min., 
in the rested group by an amount approaching 
statistical significance (p < 0.1 > 0.05). 


DISCUSSION 


These findings are of interest because of their 
pertinence to certain theories which have been ad- 
vanced from time to time toward an explanation of 
the phenomenon of natural sleep. A number of 
these theories have in common the postulate that 
sleep is associated with and caused by a diminu- 
tion in the gross nutrition or metabolism of the 
brain. 

Quite recently, Doust and Schneider have elabo- 
rated a theory which ascribes sleep to arterial 
anoxemia and its resultant cerebral anoxia (10). 
On the basis of a downward drift in the readings 
of an ear oximeter, these authors concluded that 
arterial oxygen saturation progressively decreased 
during the process of falling asleep and reached 
levels as low as 87 per cent during deep sleep. 
The lack of an attempt to confirm this surprising 
result by more direct techniques and the absence 
of similar observations on non-sleeping controls 
leaves open the possibility, however, that it may 
have been one of the artifacts sometimes associated 
with indirect oximetry. Our findings (Table IB) 
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that both the oxygen content and hemoglobin con- 
centration of arterial blood were normal during 
the control period and remained unaltered during 
sleep make unlikely any hypothesis which at- 
tributes a causal role to arterial anoxemia. 

If not the first, then certainly one of the earliest 
recorded theories of sleep attributed this phenome- 
non to an ischemia of the brain. By recording 
changes in intracranial volume in two subjects 
with cranial defects, Mosso (1) concluded that 
sleep was associated with a decrease in cerebral 
blood volume. Tarchanoff (11) supported this 
view by observing a blanching of the pial vessels 
in puppies when sleep occurred. A large num- 
ber of investigators, however, were unable to cor- 
roborate the findings of Mosso or found instead 
evidence of cerebral vascular engorgement (12- 
16). None of these observations yielded informa- 
tion on cerebral blood flow which is certainly dif- 
ferent from and not necessarily correlated with 
cerebral blood volume. Only in the case of Gibbs, 
Gibbs, and Lennox, whose thermoelectric tech- 
nique would probably have indicated if it did not 
measure gross changes, had observations related 
to cerebral blood flow in sleep been made (3). 


These authors were unable to demonstrate any 
change during sleep in the function which they 
studied. 


The present studies show a moderate but sta- 
tistically significant increase in cerebral blood flow 
associated with sleep. This occurred in the face 
of the slight but significant fall in arterial blood 
pressure seen in these subjects and consistently 
observed by numerous previous investigators (17- 
19) and was the result, therefore, of a decreased 
resistance to flow somewhere in the brain. Since 
the intracranial pressure is usually found to rise 
during sleep (14, 15), and since the present stud- 
ies demonstrate no change in hemoglobin concen- 
tration in the blood, factors of decreased external 
pressure or lessened viscosity appear to be ruled 
out, and it seems warranted to conclude that there 
is a relaxation in cerebrovascular tone during 
sleep. This supports previous observations which 
suggested a cerebral hyperemia during sleep (12- 
16). The cause of this cerebrovascular relaxation 
remains obscure. It cannot be attributed to 
changes in arterial oxygen or carbon dioxide ten- 
sion since these remained relatively unaltered be- 
tween control and sleep, nor was it in response to 
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an increase in cerebral metabolism which was also 
unaffected. The usually plausible hypothesis of 
a decrease in neurogenic vasoconstrictor tone is 
rendered less tenable by the failure to demonstrate 
a normal vasoconstrictor tone in the cerebral ves- 
sels of man, or at least one mediated by the known 
sympathetic inflow to the head (20). 
Examination of the data in Table III reveals 
that the results in normal rested young men were 
almost identical with those in the original report of 
the method (4). When considered as a single 
group, the subjects who had remained awake for 
several hours beyond their normal bedtime and 
were, therefore, “fatigued,” did not differ signifi- 
cantly in any respect from the rested young men. 
Within the “fatigued” group, however, arterial 
and cerebral venous carbon dioxide tensions were 
significantly higher and pH significantly lower 
in those subjects who slept than in the subjects 
who were unable to sleep under the conditions of 
the experiment (Tables IB and IIB). These dif- 
ferences, indicative of a mild respiratory acidosis, 
were apparent not only during sleep but even dur- 
ing the control period when the sleep subjects 
were awake. Comparable changes have been ob- 
served previously during sleep (2, 21), and Mills 
(22) has found elevations of alveolar carbon diox- 
ide tension during the night or early morning ir- 
respective of whether the subjects were awake or 
asleep. He attributes these changes to a normal 
diurnal rhythm in alveolar carbon dioxide ten- 
sion which is independent of sleep. Our results 
indicate also that the respiratory acidosis can oc- 
cur in the absence of sleep and that sleep per se 
causes little if any change in carbon dioxide ten- 
sion and pH of the blood, but they raise an inter- 
esting question of whether sleep can occur in the 
absence of the respiratory acidosis. It was this 
finding which distinguished the subjects who 
slept from those who could not sleep under iden- 
tical experimental conditions. Despite the evi- 
dence of respiratory depression, no significant 
anoxemia was observed in these subjects, nor 
was it to be expected. As Mills has also observed 
in his studies (22), the degree of carbon dioxide 
retention was insufficient to account for any ap- 
preciable fall in arterial-oxygen saturation, cer- 
tainly not to the levels on which Doust and 
Schneider (10) based their anoxemic theory of 


sleep. 
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Another hypothesis on the nature of sleep sug- 
gests that this state is some endogenous narcosis 
associated with an overall decrease in metabolic 
activity in the central nervous system which per- 
mits the replenishment of certain substrate stores 
presumably depleted by the active metabolism of 
the waking state. That sleep is quite different 
from anesthesia or coma is clearly demonstrated 
by the data on cerebral oxygen consumption 
(Table IA). Whereas coma (23, 24) or anes- 
thesia (25) are associated with profound de- 
creases in the utilization of oxygen by the brain, 
this function in sleep is not significantly differ- 
ent from its level in the waking state. 

Thus the state of sleep should be added to a 
growing list of conditions, like schizophrenia (23) 
and performance of mental arithmetic (26), in 
which a good correlation between energy conver- 
sion and functional activity commonly found in 
other organ systems appears to be absent. This 


result is compatible with the current vogue of 
viewing the brain as a calculating or communicat- 
ing mechanism which, in contradistinction to ma- 
chines which do mechanical work, utilizes by far 
the greater part of its energy requirements merely 


in keeping its circuits alive and sensitive; the 
presence of a message, its functional usefulness or 
rationality adds only infinitesimally to the total 
load. Equally adequate, however, are hypothe- 
ses found more on traditional biological concepts 
than on electronic analogues. Thus, when the 
brain is considered as a great number of functional 
units, many of which may be reciprocally related 
with regard to activity, then increased activity in 
one group of units may result in decreased ac- 
tivity in others. Under such conditions, different 
functions could result in an altered pattern of 
distribution of the activity without measurable 
changes in the net overall oxygen consumption of 
the brain. Or, even more simply, is it not con- 
ceivable that the primitive functions of the brain, 
namely, the regulation of unconscious vegetative 
functions in the body, consume so much of the 
total cerebral oxygen requirements that they ob- 
scure the metabolic effects of the later phylo- 
genetic functions found in conscious waking be- 
havior, such as thought and reason? 

These studies have not elicited, nor were they 
designed to elicit information bearing on the more 
subtle functional, biochemical, or electrical al- 
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terations in sleep. They do, however, render un- 
tenable those hypotheses which attribute this im- 
portant phenomenon to an anoxemia, to cerebral 
ischemia, to narcosis, or to a generalized depres- 
sion in cerebral metabolism. 


SUMMARY 


1. Studies of cerebral blood flow, cerebral vas- 
cular resistance, and cerebral oxygen consump- 
tion, as well as mean arterial blood pressure, he- 
moglobin concentration, blood gases, and blood 
pH, were made before or after and during natural 
sleep in six subjects, during two consecutive de- 
terminations under identical conditions in 13 sub- 
jects, during a state of fatigue in 25 subjects, and 
also in 11 normal rested controls. 

2. The mean values obtained in the rested sub- 
jects were almost identical with the original nor- 
mal values reported for the method. 

3. The fatigued subjects showed no differences 
from the rested controls except for an elevation 
in cerebral blood flow which approached statisti- 
cal significance. 

4. During natural sleep there was a statistically 
significant increase in cerebral blood flow, statisti- 
cally significant decreases in cerebral vascular re- 
sistance and mean arterial blood pressure, and no 
changes in cerebral oxygen consumption, hemo- 
globin concentration, and arterial oxygen content. 

5. The fatigued subjects who slept were distin- 
guished from those who were unable to sleep by 
significantly higher values of carbon dioxide ten- 
sion and lower values of pH in arterial and cere- 
bral venous blood even during the control period. 
These findings suggest some relationship between 
respiratory acidosis and the process of falling 
asleep. 

6. The results of these studies make less tenable 
those hypotheses which attribute sleep to arterial 
anoxemia, cerebral ischemia, or to a generalized 
narcosis or other depression in cerebral metabolic 
rate. 
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Considerable evidence exists to suggest that 
conscious mental activity is coupled to an active 
utilization of oxygen by the brain. When there 
is a deficiency in the oxygen supply to the brain, 
produced, for example, by anoxia or cerebral 
ischemia, consciousness is rapidly impaired (1, 
2). Conversely, the depression of consciousness 
observed in various pathological states has been 
found to be accompanied by an appreciable re- 
duction in cerebral oxygen consumption (3-6). 
Indeed, there has been observed a striking paral- 
lelism between the level of conscious activity in 
these states and the rate of oxygen utilization by 
the brain (7). 

The fact that both cerebral oxygen consumption 


and conscious mental activity are concomitantly 
depressed in various non-physiologic states leaves 
unanswered, however, the question of whether the 
various mental activities which characterize the 
state of consciousness require energy derived 


from oxidative processes. It is conceivable that 
the oxygen required by the brain to sustain con- 
sciousness may be utilized only to maintain its 
structural and functional integrity without any 
oxygen being consumed by the actual mental 
processes themselves, in the sense that muscular 
work, either skeletal or cardiac, requires additional 
amounts of oxygen (8,9). That such may be the 
case is suggested by the findings of Mangold and 
his associates that in natural sleep, a state of rela- 
tive unconsciousness unassociated with pathologic 
processes, cerebral oxygen consumption is un- 
changed from the normal waking state (10). 
Because of the nature of the phenomena, in- 
vestigations of mental processes are limited al- 
most exclusively to studies in unanesthetized man. 


1This investigation was supported in part by a re- 
search grant from the Division of Research Grants and 
Fellowships of the National Institutes of Health, United 
States Public Health Service. 


A lack of suitable methods has prevented previ- 
ous studies of the effects of mental activity on 
cerebral oxygen consumption. Attempts have 
been made, however, to describe, at least quali- 
tatively, the effect of such activity on the cerebral 
circulation. Thus, Fulton has observed in a pa- 
tient with an arteriovenous aneurysm overlying the 
occipital lobe that the bruit, audible through the 
occipital lobe, became more prominent when the 
patient was reading (11). In ten of fifteen cases, 
Lennox found increases in the oxygen content of 
internal jugular venous blood during the reading 
and performance of problems in mental arithmetic 
(12). He interpreted these results as indicative 
of a dilatation of cerebral vessels, reasoning that 
a decrease in oxygen consumption which would 
have produced the same findings was less prob- 
able. 

The present availability of more specific meth- 
ods permits a more definitive examination of the 
influence of mental activity on the cerebral cir- 
culation and metabolism, the purpose for which 
this study was undertaken. 


METHOD 


Studies of the effect of concentrated mental effort on 
cerebral circulation and metabolism were performed on 
13 healthy, young, male university students and faculty 
members. Seven of the subjects were rested at the time 
of the study. The remaining six had originally been 
scheduled for similar studies in natural sleep (10) and 
had missed four to six hours of sleep; they were used 
in the present experiments because they were unable 
to sleep under the conditions of the procedure. Each 
study consisted of two determinations of cerebral blood 
flow by means of the nitrous oxide technique (13), first, 
a control determination during which the subject was in 
a state of complete physical rest and as great a degree 
of mental relaxation as the procedure would permit, fol- 
lowed by an experimental determination, during which 
the subject was presented orally with problems in 
arithmetic to solve mentally. To allow for a possible 


1101 





1102 


lag in the effect of mental exercise on the functions 
measured, the reading of the arithmetical problems was 
begun five minutes prior to the cerebral blood flow de- 
termination and continued throughout the ten-minute pe- 
riod required for the procedure. Since the face mask 
required by the nitrous oxide technique precluded vocal 
answers by the subjects, the problems were so de- 
signed that the answers were always an integer from one 
to five which could be indicated on the fingers of one 
hand. The problems were of sufficient complexity, how- 
ever, to prevent solution without concentrated mental ef- 
fort (Figure 1). Each answer, right or wrong, was 
immediately followed by a new problem. To minimize 
untoward emotional responses, the subjects were not in- 
formed of the correctness of their answers. Simultane- 
ous electroencephalographic recordings from six to eight 
scalp electrodes were made throughout the study in six 
of the experiments in order to obtain independent evi- 
dence of mental concentration attending the solution of 
the arithmetical problems. , 

Mean arterial blood pressure was measured by means 
of a damped mercury manometer connected to the fe- 
moral arterial needle. Blood oxygen and carbon dioxide 
contents were determined by the manometric technique of 
Van Slyke and Neill (14). Arterial hemoglobin con- 
centration was measured in the Evelyn photoelectric 
colorimeter according to a modification of the method of 
Evelyn and Malloy (15). Blood pH was measured 
anerobically at room temperature in a Cambridge pH 
meter and was corrected to 37° C. by means of the factors 
of Rosenthal (16). Cerebral oxygen consumption, cere- 
bral vascular resistance, and cerebral respiratory quo- 
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tient were calculated as previously described (13). 
Blood carbon dioxide tension was computed by means of 
the nomograms of Peters and Van Slyke (17). 


RESULTS 


The data are presented in Tables I and II. In- 
cluded for comparison are the mean values ob- 
tained by the same investigators in a series of 
control determinations in 11 normal young men 
and in a series of two consecutive control deter- 
minations in 13 “fatigued” individuals (10). The 
two consecutive control measurements were made 
under identical conditions but were separated in 
time by an interval approximating that between 
the control and experimental determinations in 
the studies on mental arithmetic (88 and 63 min- 
utes, respectively). Although the subjects in the 
consecutive control studies were “fatigued” (e.g., 
had remained awake four to six hours past their 
usual bedtime at the time of the study), these 
studies were considered adequate controls for the 
mental arithmetic studies for two reasons: 1) Six 
of the 13 subjects used in the studies on mental 
arithmetic were similarly “fatigued”; 2) no sig- 
nificant differences were found between “fatigued” 
subjects and normal rested young men (10). In 
one rested subject (J. Fo.), data on cerebral blood 
flow, oxygen consumption, and vascular resistance 
during mental arithmetic are lacking because of 
technical difficulties in the blood nitrous oxide 
analyses; the results of the other pertinent meas- 
urements which were successfully accomplished 
are included, however. 

The performance of mental arithmetic was ac- 
companied by statistically significant rises in mean 
arterial blood pressure (MABP) and pulse rate 
from the control levels (MABP: from 86 to 93 
mm. Hg, p < 0.01; pulse rate: from 73 to 78 
beats per minute, p < 0.02). These changes may 
be related to the moderate degree of apprehension 
which, at least, according to our subjective ob- 
servations, many of these subjects exhibited con- 
cerning the display of their arithmetical ability. 
Despite repeated assurances that we were not 
keeping score, they reacted as though they were 
taking an examination, and some apologized in 
advance for any poor showing they might make. 
Indeed, one subject (E. L.) blocked completely 
and was unable to answer even the simplest prob- 
lem. The results in this study were, therefore, ex- 
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EFFECTS OF MENTAL ARITHMETIC ON CEREBRAL CIRCULATION 
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MENTAL ARITHMETIC 


Fic. 2. Errect oF MENTAL ARITHMETIC ON ELECTROENCEPHALOGRAPHIC PATTERN 


cluded from the statistical analysis. The blood 
pressure rise during mental arithmetic was not 
significantly different (p > 0.9), however, from a 
comparable rise in the consecutive control de- 
terminations, from 90 to 96 mm. Hg (p < 0.01) 
(Table I). There was no apparent anxiety or 
apprehension in the latter group to explain this 
rise, but there were frequent complaints of restless- 
ness and discomfort from lying in one position 
for so long a period of time. No such complaints 
were heard in the mental arithmetic studies, per- 
haps, because of a preoccupation with the arith- 
metical problems. Unlike the results in the sub- 
jects performing mental arithmetic, no significant 
change in pulse rate occurred in the consecutive 
controls. 

Despite the rise in MABP, cerebral blood flow 
(CBF) did not change from the control level 
during mental arithmetic (Table I). The rise in 
cerebral vascular resistance (CVR) which ac- 
companied these changes was small, however, and 
lacked statistical significance. A slightly greater 
but statistically significant increase in CVR was 
observed in the second of the consecutive con- 
trol determinations, the mean value being 1.7 mm. 
Hg per cc. per 100 g. per min. compared to 1.5 
mm. Hg per cc. per 100 g. per min. in the first 
determination (p~ 0.01). Despite the mental 
effort and despite a shift in the electroencephalo- 
graphic pattern to higher frequency, lower voltage 
rhythms during mental arithmetic (Figure 2), 
both the control and the experimental values for 


cerebral oxygen consumption (CMRo,) were 
identical. Nor was CMRo, altered significantly 
in the two consecutive control determinations. 
Cerebral respiratory quotient (R.Q.) was also 
unchanged during mental arithmetic although a 
statistically significant increase from 0.93 in the 
first to 1.02 in the second of the two consecutive 
control determinations occurred (p < 0.05). 

Except for a rise in arterial oxygen content 
from the control level of 18.9 vol. per cent to 19.2 
vol. per cent (p < 0.02), no significant changes 
were found in any of the blood constituents dur- 
ing mental arithmetic. Since no increase in hemo- 
globin concentration was observed in the five cases 
included in the statistical analysis in which com- 
plete data were obtained, it may be that a hy- 
perventilation associated with the anxiety was 
responsible. This explanation is questionable, 
however, in view of the statistically insignificant 
decrease in arterial CO, tension. 

A comparison between the control values in the 
mental arithmetic studies and the results in an- 
other control series of normal rested young men 
reveals some surprising differences. The mean 
cerebral blood fiow, 69 cc. per 100 g. per min., in 
the control determinations of the mental arith- 
metic studies significantly exceeded the value, 55 
cc. per 100 g. per min., in the independent con- 
trol series (p << 0.05). This difference was as- 
sociated with a correspondingly lower cerebral 
vascular resistance in the control period before 
mental arithmetic than in the independent control 
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group (mean values, 1.3 and 1.7 mm. Hg per cc. 
per 100 g. per min., respectively; p< 0.02). It 
is possible that the greater arterial carbon dioxide 
tension (43.6 mm. Hg compared to 41.3 mm. 
Hg) of the mental arithmetic group was responsi- 
ble for their lower cerebral vascular resistance and 
higher cerebral blood flow although this difference 
lacked statistical significance (p < 0.1 > 0.05). 
Also contributing, perhaps, to the high cerebral 
blood flow and low cerebral vascular resistance of 
the subjects in the mental arithmetic studies was 
their unusually high value for CMRo,, 4.0 cc. per 
100 g. per min., compared to the 3.3 cc. per 100 g. 
per min. obtained in this independent group of 
normal rested young men, as well as in others 
(13). 

Although similar tendencies for high values of 
CBF and CMRo, and low values of CVR were 
observed in the first of the consecutive control de- 
terminations in “fatigued” subjects, these values 
did not differ significantly from those in rested 
young men. Also, no significant differences were 
observed between the rested and the “fatigued” 
groups of subjects within the mental arithmetic 
series, 


DISCUSSION 


One of the most intriguing problems in all of 
neurophysiology is the nature of mental processes, 
such as thought and reason. Yet, insofar as physio- 
logical investigation is concerned, it remains, to 
a great extent, unexplored territory. In order to 
approach the problem, we have accepted the com- 
mon, though by no means universal, notion that 
mental functions reside within the brain, and the 
brain represents the proper area for their investi- 
gation. Having thus resolved the question of 
site, we have attempted to determine whether the 
mental processes involved in the performance of 
mental arithmetic are of a type in which energy 
utilization or transformation occurs. A positive 
result that thought processes require the utilization 
of additional quantities of oxygen by the brain 
would have led to such a conclusion. In view of 
our negative results, however, the conclusions are 
far less obvious, and we must give careful con- 
sideration to a number of possible interpretations, 

First of all, it must be pointed out that in the 
strict physical sense, the performance of a use- 
ful function is not synonymous with the perform- 
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ance of work. Generally, organs whose functional 
activities are correlated with their rates of oxygen 
utilization are performing readily recognizable 
work, energy for which is supplied from chemical 
processes. Thus, skeletal and cardiac muscle per- 
form mechanical work, and oxygen consumption 
increases with that work. Although Lennox con- 
sidered the performance of mental arithmetic as 
“mental work” (12), it is not immediately ap- 
parent what the nature of that work in the physi- 
cal sense might be if, indeed, there be any. If no 
work or energy transformation is involved in the 
process of thought, then it is not surprising that 
cerebral oxygen consumption is unaltered during 
mental arithmetic. The energy derived from the 
normal utilization of oxygen by the brain may 
then serve only to maintain its structural and 
functional integrity, and none is utilized by the 
actual thought process itself. The reduction in 
cerebral oxygen consumption in pathological 
states of reduced consciousness (7) may then re- 
flect only a block in the maintenance mechanisms, 
and consciousness is reduced secondarily because 
of the failure to maintain structural and functional 
integrity. When there is no interference with the 


maintenance mechanisms, mental activity may be 
reduced, as in natural sleep (10), or increased as 
in mental arithmetic, without any change in cere- 
bral oxygen utilization. 

On the other hand, it is impossible to exclude 
unequivocally the possibility that mental activity 


consists of energy-dependent processes. Several 
other reasonable hypotheses which include this 
possibility can satisfactorily explain our results in 
mental arithmetic and sleep (10). First, the total 
energy requirements of the brain, as reflected by 
the cerebral oxygen consumption, may be inde- 
pendent of mental activity, but biochemical changes 
associated with that activity may alter the efficiency 
with which that energy is transformed to a useful 
form. Since all engines, including biochemical 
systems, are much less than 100 per cent efficient, 
considerable variations in energy output can be 
achieved in this way without altering the total 
energy supply. Secondly, in view of the com- 
plexity of the brain and the existence of inverse 
relationships between many of its component parts, 
mental activity or sleep may be accompanied by a 
redistribution in the patterns of activity throughout 
it. Areas with increased functional and meta- 
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bolic activity could then be counter-balanced by 
areas of reduced activity so that the total cerebral 
oxygen consumption is unchanged. Finally, we 
are unaware of any estimate of the fraction of the 
total brain tissue which consists of functional 
units or neurones and are even less cognizant of 
the fraction of the neurones involved in the vari- 
ous functions which comprise conscious mental 
activity. The oxygen consumption of this fraction 
of the brain may be so small even under conditions 
of maximal activity, that we are unable to detect 
changes in it by means of a relatively crude 
method for measuring total cerebral oxygen con- 
sumption. 

Some question may be raised concerning the va- 
lidity of our controls for the study of mental arith- 
metic. Since it is impossible for a conscious hu- 
man being to maintain his mind in a state of com- 
plete rest or inactivity, is it reasonable to assume 
a lesser degree of mental activity in the control 
determinations than during the performance of 
mental arithmetic? Evidence to support such an 


assumption is provided by the electroencephalo- 
graphic recordings made simultaneously with the 


determinations in six of the studies. During the 
control periods a typical resting EEG pattern was 
generally obtained, but during the mental arith- 
metic, there was, despite the frequent presence of 
muscle artifact, a clear and obvious shift to low 
voltage, high frequency, asynchronous rhythms 
(Figure 2), a change frequently associated with 
conditions of presumably increased cerebral ac- 
tivity (18). It appears then that neither the de- 
gree of mental activity nor the electroencephalo- 
graphic pattern are correlated with the total cere- 
bral oxygen consumption. 

Our results fail to confirm the rise in internal 
jugular oxygen content observed by Lennox dur- 
ing mental arithmetic or the elevation of cerebral 
blood flow which he postulated on the basis of that 
rise (12). We are unable to account for the dis- 
crepancy in results, but in view of the dependence 
of the internal jugular venous oxygen content on 
other factors which he did not measure, such as 
arterial oxygen content and cerebral oxygen con- 
sumption, it can scarcely be considered a reliable 
indicator of cerebral blood flow. 

Several unexpected observations in the course 
of these studies seem to offer information rela- 
tive to the still controversial question of whether 
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anxiety alters cerebral circulation and metabolism 
(7, 19). In order to explain the findings of sub- 
stantially higher control values for cerebral blood 
flow and oxygen consumption in the mental arith- 
metic group than in an independent group of con- 
trols, the possible influence of anxiety cannot be 
disregarded. These two series of studies were per- 
formed under similar conditions by the same group 
of workers employing identical methods, and the 
two groups of subjects chosen at random from 
the same pool of volunteers. Furthermore, the two 
series were conducted simultaneously so that in- 
dividual studies were more or less randomly dis- 
tributed between them. It is true that five of the 
mental arithmetic subjects included in the statistics 
had missed several hours of sleep prior to the 
study, but a large group of similarly “fatigued” 
subjects have shown no significant differences from 
the independent group of normal controls (10). 
Also within the mental arithmetic series there were 
no recognizable differences between the “fatigued” 
and rested subjects. The only immediately ap- 
parent difference between the subjects employed in 
the mental arithmetic studies and the normal con- 
trols was in the degree of anxiety exhibited. The 
subjects in the mental arithmetic studies evidenced 
considerable apprehension about the showing they 
would make in solving the problems, not only dur- 
ing the experimental period, but even during the 
preparations for the study before the control de- 
termination. In the absence of any other apparent 
factor, anxiety must be suspected as a possible 
cause of the elevated cerebral blood flow and 
metabolic rate in this group of subjects. 


SUMMARY 


1. Studies of cerebral circulation and metabo- 
lism at rest and during the mental exertion re- 
quired in solving problems in arithmetic were 
made in 13 young university students and faculty 
members. 

2. Despite a shift in the electroencephalographic 
pattern to lower voltage, higher frequency, asyn- 
chronous activities and small but statistically sig- 
nificant rises in pulse rate and mean arterial blood 
pressure, no changes in cerebral blood flow, cere- 
bral oxygen consumption, cerebral vascular re- 
sistance, and cerebral R.Q. from the control levels 
were observed during the performance of mental 
arithmetic. 
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3. Except for a slight increase in arterial oxy- 
gen content, mental arithmetic was not accom- 
panied by any changes in blood constituents such 
as oxygen and carbon dioxide concentrations, 
carbon dioxide tension, pH, or arterial hemoglobin 
concentration. 

4. Comparison between the subjects in the men- 
tal arithmetic study and an independent group of 
normal controls reveals significantly higher values 
for cerebral blood flow and oxygen consumption 
and a lower value for cerebral vascular resistance 
in the mental arithmetic subjects, even during the 
control determinations. The only immediately ap- 
parent difference between the two series which 
might account for these changes was the obvious 
anxiety exhibited by the mental arithmetic sub- 
jects at exhibiting their arithmetical ability. 

5. These findings demonstrate a lack of corre- 
lation between both the degree of mental activity 
and the electroencephalographic pattern and the 
rate of oxygen consumption of the brain as a 
whole. 
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Diminished sodium excretion is one of the fac- 
tors underlying edema formation in congestive 
heart failure. The clinical improvement and dis- 
appearance of the edema in some cardiac patients 
treated with bed rest alone suggests the importance 
of exercise as a potentiating factor in the sodium 
retention. Exercise studies carried out in normal 
and cardiac patients in the upright position by 
other investigators are open to question since the 
upright position itself is a factor in diminished 
sodium excretion. In order to exclude postural 
effects completely, it became necessary to study 
renal hemodynamics and electrolyte and water ex- 
cretion in supine exercising subjects. 

The present study reports the effect of exercise 
in the supine subject on renal plasma flow, glo- 
merular filtration rate, sodium and water excre- 
tion. Fifteen control subjects and eleven cardiac 
patients were studied. The control series con- 
sisted of convalescent patients who presented no 
evidence of cardiovascular or renal disease. All 
of the cardiac subjects were receiving digitalis 
preparations. All had received mercurial diu- 
retics, varying from one day to two weeks prior 
to the study. The cardiac subjects were divided 
into two groups depending on their clinical ap- 
praisal at the time of the study. In the “compen- 
sated” group were placed those patients who were 
ambulatory, able to lie flat and were free of edema. 
In the “severe” group were placed those patients 
who were confined to bed because of limited exer- 
cise tolerance. This group required more fre- 
quent mercurial diuretics and were orthopneic. 
With one exception, they were edematous at time 
of the study. 


1 This project supported by the National Heart Institute 
of U. S. Public Health Service, Project No. H-59. 

2 Research Fellow in Medicine, American Heart As- 
sociation. 


PROCEDURE 


All patients were in the post absorptive state and at 
complete bed rest for one hour or more prior to the study 
and remained recumbent throughout. Each subject was 
given sodium phenobarbital, 0.12 gm. subcutaneously, to 
allay anxiety. All patients were hydrated orally by the 
administration of 200 cc. water every half hour for one 
to two hours preceding and during the experiment in 
order to establish a constant diuresis. Clearance pe- 
riods were fifteen minutes in duration with two control 
periods preceding and two recovery periods following 
the exercise period. Renal plasma flow and filtration 
rate were determined by clearance methods (Goldring 
and Chasis [1]). Inulin and sodium para-amino-hip- 
purate were delivered intravenously by means of a con- 
stant infusion pump. Urine collections were made 
through an indwelling catheter, using distilled water 
and air to insure complete collection. Exercise was ac- 
complished by means of a pedal-resistance type of ergom- 
eter set at 10 pounds resistance and attached to the foot 
of the table. In order to obtain a maximum effort, the 
subjects were encouraged to pedal as vigorously as pos- 
sible to the point of exhaustion. A two-minute rest was 
allowed in the middle of the exercise period to permit 
the collection of a blood sample. The cardiac subjects 
required more frequent rest periods because of dyspnea 
and fatigue. The actual duration of maximal exercise 
in the control group averaged 8.4 minutes, compared 
with an average of 8 minutes in the milder cardiac pa- 
tients and 6.9 minutes in the severe cardiac patients. 

Inulin and sodium para-amino-hippurate determinations 
were done according to the method of Schreiner (2) and 
Goldring and Chasis (1) and all sodium determinations 
were made with a Fox internal standard flame pho- 
tometer. 


RESULTS 


Each patient served as his own control and the 
percentage of change from the average of the 
control values has been derived for each patient 
for each period. These values were then averaged 
for each group (Figures 1-3). Changes in renal 
hemodynamics of 20 per cent or more were con- 
sidered to be significant. 
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The results are presented in Table I and sum- 
marized for the control subjects in Figure 1. In 
the control group of fifteen normal subjects, only 
three showed a significant change in glomerular 
filtration rate during exercise. Of these, two 
showed an increase of 22 per cent and 30 per cent 
and one a fall of 25 per cent. In each of these 
three subjects Na* excretion was also significantly 
altered and in the same direction as the glomerular 
filtration rate. Excretion of Na* varied consider- 
ably in the group, both during control and exer- 
cise periods with no consistent directional trend 
being detected. 

Figure 2 represents the averaged data of the five 
“compensated” cardiac subjects. In this group 
there was no consistent change in or correlation 
between glomerular filtration rate and sodium ex- 
cretion. There was an unexplained decrease in 
sodium excretion of 44 per cent in one patient 
which weighted the average for the group and ex- 
plains the 19 per cent average fall in the sodium 
excretion shown here. The most marked drop in 
glomerular filtration rate of any patient in this 
group was to only 90 per cent of control value or 
a 10 per cent decrease. 

Figure 3 represents data from six patients with 
severe congestive heart failure. This group re- 
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RENAL FUNCTION DURING EXERCISE IN SUPINE POSITION 


TABLE I 
The effect of exercise upon renal function 
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* These figures represent the average of two periods. 
t See text. 


vealed very striking and parallel changes. Every 
patient in this group had a fall in glomerular fil- 
tration rate to well below 70 cc. per min. during 
exercise whereas no patient in either of the other 
groups had falls in glomerular filtration rate of 
that degree. The profound alterations in renal 
plasma flow and glomerular filtration rate are ac- 
companied by a corresponding diminution in so- 
dium excretion to an average of 38 per cent of 
control value or an average fall of 62 per cent. 
During the recovery periods the sodium excretion 
tended to lag behind glomerular filtration rate in 
its return toward control values. This would 
suggest that in exercise, more than one factor may 
be involved in diminished sodium excretion. It is 
also of significance that although this group exer- 
cised to the best of their ability the work done was 
less than that of the group with milder failure. 
The diminished sodium excretion was not always 


paralleled by decrease in water excretion since in 
several patients the water excretion actually in- 
creased during exercise while the sodium excretion 
fell. 


DISCUSSION 


In 1943, Eggleton (3) found a decrease in uri- 
nary total nitrogen, chloride and water excretion 
in medical students during short periods of severe 
exercise. Later Barclay, Cooke, Kenney, and 
Nutt (4) measured urine volume, total chloride 
excretion, renal plasma flow, and glomerular fil- 
tration rate (using single dose of inulin or man- 
nitol) in normal subjects during a quarter-mile 
sprint at full speed. All subjects had a decline in 
renal plasma flow, glomerular filtration rate, uri- 
nary pH and chloride excretion, and there was a 
fall in urine volume in the majority of subjects. 
White and Rolf (5) demonstrated decreased re- 
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nal plasma flow and glomerular filtration rate and 
marked increases in renal vascular resistance in 
normal subjects during periods of exercise. Chap- 
man, Henschel, Minckler, Forsgren, and Keys (6, 
7) measured renal plasma flow by the constant 
infusion method and found significant drops dur- 
ing exercise in normal subjects. 

Kattus, Sinclair-Smith, Genest, and Newman 
(8), and Sinclair-Smith, Kattus, Genest, and 
Newman (9) found a constant fall in sodium ex- 
cretion without glomerular filtration rate changes 
during mild upright exercise in both normal and 
cardiac subjects. The exercise was carried out 
in most cases after a long period in the supine 
position or occasionally after a short period of 
standing with slight motion. These investigators 
used endogenous creatinine clearances as the meas- 
ure of glomerular filtration rate in most cases and 
voided urine collections were made. 

One major objection which may be seen in the 
above studies is the fact that postural changes may 
have taken place during the exercise period of the 
experiments. It is well recognized that there is 
an appreciable diminution in water and electrolyte 
excretion when the erect position is assumed. 
This phenomenon has been demonstrated most 
conclusively in the tilting experiments of Brun, 
Knudsen, and Raaschou (10,11). Their data in- 
dicate that the anti-diuresis which occurs with 
tilting to the upright position probably may be 
explained by a humoral factor such as excessive 
circulating posterior pituitary secretion. Their 
patients, however, were motionless and a decrease 
in circulating blood volume due to venous pooling 
is likely. Recently, Lewis, Buie, Sevier, and Har- 
rison (12) and Viar, Oliver, Eisenberg, Lom- 
bardo, Willis, and Harrison (13) noted that when 
a subject assumes the sitting position without 
exercise, there is a significant reduction in sodium 
excretion with no change in glomerular filtration 
rate as measured by creatinine clearance. These 
are the same findings that Kattus reports in his 
exercised subjects. 

In the experiments of Kattus, Sinclair-Smith, 
Genest, and Newman, an attempt was made to 
separate the postural effects in some subjects by 
having short control periods of standing with 
slight motion. Their exhibition of mo change in 
renal clearance and slight diminutions in sodium 
excretion is at variance with preliminary studies 
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done in this laboratory. Experiments reported 
in this communication were done with the sub- 
jects supine throughout, thereby completely rul- 
ing out postural effects. 

The data here reported differ from those of 
Kattus, Sinclair-Smith, Genest, and Newman in 
two important particulars: First, the results show 
no consistent effect of exercise on sodium excre- 
tion or glomerular filtration rate in the normal or 
“compensated” cardiac subjects, where Kattus 
found a consistent drop in sodium excretion with- 
out any change in glomerular filtration rate; sec- 
ondly, in the decompensated cardiac subjects there 
was a profound fall in sodium excretion during 
exercise and this was invariably accompanied by 
a comparable reduction in glomerular filtration 
rate. The reasons for the discrepancies are not 
immediately apparent, but the consistent fall in 
sodium excretion in Kattus’ experiments may be 
related to assumption of the upright position rather 
than to exercise per se. 

The degree to which alterations in sodium ex- 
cretion paralleled changes in glomerular filtration 
during exercise is rather striking in view of the 
marked variation in sodium excretion in both di- 
rections in other periods. 

The degree and duration of the urine volume 
changes with exercise are out of proportion to the 
changes in renal plasma flow, glomerular filtration 
rate, and sodium excretion. Water excretion 
seemed to vary independently of glomerular fil- 
tration rate and sodium excretion. Therefore, it 
seems reasonable to postulate a separate mecha- 
nism for the anti-diuresis. Klisiecki, Pickford, 
Rothschild, and Verney (14) found that the anti- 
diuresis associated with exercise could not be 
abolished by complete renal denervation. It may 
be primarily due to increased formation of anti- 
diuretic hormone, with neurogenic and hemody- 
namic factors playing secondary roles. 


SUMMARY 


A study of renal plasma flow, glomerular filtra- 
tion rate, sodium and water excretion in fifteen 
normal and eleven cardiac subjects during supine 
exercise has been presented. There was no con- 
sistent change in or correlation of sodium excre- 
tion and glomerular filtration rate in the normal 
subjects or “compensated” cardiac patients dur- 


ing exercise in the supine position. In the more 
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severe cardiac patients, renal plasma flow, glo- 
merular filtration rate, and sodium excretion fell 
significantly in every case during exercise. 

It is suggested that the previously reported 
diminution in Na* excretion in exercising cardiac 
subjects without concomitant reduction in inulin 
clearance was a postural effect. 
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In a study of the effect of exercise on the cardiac 
output of patients with rheumatic heart disease 
(1) small and frequent samples of mixed venous 
blood were drawn from the pulmonary artery dur- 
ing a period of leg exercise and subsequent re- 
covery. Thus a continuous record of the oxygen 
saturation of this blood and of the arterio-venous 
oxygen content difference (A-V difference) was 
obtained. In most patients abnormally large A-V 
differences were found during exercise and in 
some the mixed venous blood was less than 10 per 
cent saturated. This low saturation suggested 
that even were oxygen completely extracted from 
the blood perfusing the exercising limbs, there 
must also be a considerable reduction of blood flow 
to other regions of the body. This possibility has 


been investigated by following changes in the 
oxygen saturation of venous blood returning from 
various regions and organs of the body at rest 
and during exercise, by taking frequent blood sam- 
ples through an intravenous catheter. 

In this paper, the effect of exercise on the oxy- 
gen saturation of hepatic venous blood and on the 


hepatic arterio-venous oxygen content difference 
(hepatic A-V difference) in patients with rheu- 
matic heart disease is reported. On the assump- 
tion that there is little change in the oxygen uptake 
of the splanchnic region during brief periods of 
exercise, alterations in the splanchnic blood flow, 
inversely related to the changes in the hepatic 
A-V differences, have been inferred. 


TABLE I 
Clinical details of patients studied 
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isability grade: Modified from American Heart Association grading (1). 
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TABLE II 


Cardiac output, intravascular pressures and blood oxygen capacities at rest and during exercise 








Blood oxygen 
saturation 


Mixed 
venous Arterial 
percent percent 


Blood 
oxygen 
capacity 


Patient vol. per cent 


Oxygen Cardiac Pressure (mm. Hg) 
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L./min./ 
m2 


uptake 
ml./min./ 
m.® 


Brachia 


Mean Mean Mean 
P.A. P.C.P. R.A. artery 





72.0 92.0 
44.1 91.7 


77.8 96.8 
47.7 96.8 
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*In patients H2 and H8 mixed venous blood was sampled from the right atrium. 


METHOD 


Fourteen patients suffering from rheumatic heart dis- 
ease, mainly involving the mitral valve, were studied. 
Patient H12 also had benign hypertension. All patients 
were under consideration for the operation of mitral 
valvotomy and their principal clinical features are sum- 
marized in Table I. Each study was carried out six 
hours after the last meal, preparation following the rou- 
tine described in previous communications (1, 2). After 
the catheter tip had been introduced into the pulmonary 
artery and an indwelling needle inserted in the brachial 
artery, the usual pressure recordings were made and a 
measurement of the resting cardiac output carried out. 
The patient then exercised in the supine position on a 
variable load constant speed bicycle ergometer to a de- 


gree near to his tolerance level. Exercise was continued 
for five minutes in most instances, although five patients 
were unable to complete this period in the first exercise 
study owing to dyspnea or weakness. Patient H10, who 
had previously suffered an embolism of a major artery 
of the leg, was forced to stop after 334 minutes owing to 
ischemic muscle pain. Measurements of brachial and 
pulmonic arterial pressures were made throughout ex- 
ercise and recovery and the cardiac output was measured 
during the fifth or last minute of exercise in which three 
samples of arterial and of mixed venous blood were taken 
and the expired air was collected in a Tissot spirometer, 
through which expired air had been passing during the 
earlier minutes of exercise. The validity of such meas- 
urements of cardiac output has been previously studied 


(1). 





1116 


After the pulnionary artery pressure had returned to 
resting levels, thé catheter was manipulated until its tip 
lay well in the hepatic vein. Care was taken to ensure 
that the tip was not impacted and that there were no 
redundant loops of catheter lying within the right atrium 
or elsewhere. With these precautions, sampling was pos- 
sible throughout the subsequent exercise without the 
catheter becoming displaced from the hepatic vein. 
Since the hepatic veins join the inferior vena cava sepa- 
rately it is not possible to obtain mixed hepatic venous 
blood. In the studies here reported, all samples were 
obtained from the middle of the right lobe of the liver. 
Bradley (3) has shown that there is relatively uniform 
extraction of bromsulphthalein from the blood by dif- 
ferent areas of the liver and it would appear justifiable to 
assume that the blood sampled as described was repre- 
sentative of mixed hepatic venous blood. 

Thirty minutes after the end of the period of exercise 
during which cardiac output had been measured, two 
or three samples of blood were drawn from the catheter 
in the hepatic vein over a period of one or two minutes. 
The patient then carried out a second period of exercise, 
the same degree of work being performed. Most of the 
patients exercised for five minutes but patients H7 and 
H10 only completed four minutes, while patients H2, H3, 
and H11 exercised for ten minutes. One to three blood 
samples were drawn from the catheter each minute 
throughout exercise, the time of each sample being noted. 
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Sampling was continued during the recovery period but 
at a slower rate after the first two or three minutes and 
was continued during twenty or more minutes of recovery 
in some patients. Samples of arterial blood were also 
taken during exercise and recovery in the majority of 
patients. The position of the catheter tip was checked 
at the end of the study, although this precaution was 
omitted in the case of patients H5 and H12. 

All blood samples were collected in lightly oiled all 
glass syringes with heparin filled dead space. A little 
mercury was then drawn into each syringe which was 
sealed with a hub cap, shaken and placed on a rotating 
drum. The percentage oxygen saturation was estimated 
in duplicate by a spectrophotometric method previously 
described (4). The blood oxygen capacity at rest and 
during exercise was estimated by the manometric method 
of Van Slyke and Neill on blood that had been rotated in 
a sealed flask in contact with air for fifteen minutes. 

Expired air was analyzed by the Scholander micro- 
method, duplicate analyses being required to check to 
within 0.03 per cent. 


RESULTS 


The results of the measurements of cardiac out- 
put at rest and on exercise, together with the 
blood oxygen capacities are given in Table II. 
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PATIENTS WITH RHEUMATIC HEART DISEASE 


The regression line obtained in a previous study from 48 observations on 
16 normal subjects is shown together with the 95 per cent confidence limits. 
Values obtained within the three arbitrarily delineated zones are described 
as Grades I, II, and III impairment of exercising cardiac output response. 
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TIME -MINUTES 


Fic. 2. Hepatic VeENous BLoop OxyGEN SATURATION DURING EXERCISE AND RECOVERY 


Exercise commenced at time 0, before which resting values are shown, and ceased at the signal. 


The resting and exercise brachial arterial and pul- 
monary arterial pressure, and the resting pul- 
monary ‘capillary’ and right atrial pressures are 
also given. 

Figure 1 illustrates the regression line relating 
cardiac index to oxygen uptake derived from a 
previous study of the effect of exercise in normal 
subjects (2). Its 95 per cent confidence limits 
are shown by interrupted lines. Three arbitrary 
zones below the normal range have been delineated 
and the response of the cardiac output to exercise 
of each patient here studied is plotted and impair- 
ment of response can be conveniently described 
as Grade I, II, or III. 


The Oxygen Saturation of Hepatic Venous Blood 
ot Rest and During Exercise and Recovery 


The hepatic venous oxygen saturation of each 
patient is plotted at rest and during each minute 


of exercise and the first five minutes of recovery in 
Figure 2. Changes in arterial oxygen saturation 
are not shown in this figure, but the resting and 
exercising values are given in Table II. Some pa- 
tients were studied during longer periods of re- 
covery than is shown in Figure 2 and details of 
these findings are given in Table III. The results 
are considered in four groups according to the 
grade of the response of the cardiac output of each 
patient to exercise. 


Normal cardiac output response to exercise 


Five patients (H1, H2, H3, H4, and H5) fell 
within this group. The resting hepatic venous 
saturation in the first four of these patients was 
70 per cent, 65 per cent, 67 per cent, and 76 per 
cent, respectively, although in patient H3 one 
value at a much lower level was obtained. The 
fifth patient, H5, had a considerably higher and 
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abnormal resting saturation of 86 per cent. (Nor- 
mal range 56 per cent to 83 per cent: Bradley, In- 
gelfinger, and Bradley [5].) 

During the first minute of exercise, there was 
little change in hepatic venous oxygen saturation 
except in patient H5, in whom a prompt fall oc- 
curred. A reduction of saturation was evident in 
all patients after the first minute and this was in 
general greater during the second and third min- 
utes than in subsequent minutes. A further and 
steeper reduction of oxygen saturation was noted 
in patients H1, H2, H3, and H5 during the last 
minute of exercise. This fall averaged 9 per cent 
and was continued into the first half minute of 
recovery in two patients but not in the remaining 
two. Although the reduction of hepatic venous 
oxygen saturation was small in patients H2, H3, 
and H4, a more marked change was seen in pa- 
tient H1 and a still greater fall occurred in patient 
H5. Nevertheless, the lowest levels attained dur- 
ing exercise, expressed as the mean saturation 
during a minute, were strikingly similar; 58 per 
cent, 55 per cent, 56 per cent, 65 per cent, and 57 
per cent in patients H1, H2, H3, H4, and H5, 
respectively. 

There was a prompt increase of hepatic venous 
oxygen saturation when exercise ceased, a brief 
delay being observed in only two patients, H1 and 
H3. Recovery to resting levels was achieved com- 
pletely, or within 2 per cent, by the second or 
third minute in all but patient H3. In this pa- 
tient the saturation remained 6 per cent below 
resting values during the second and third minute 
of recovery and subsequently fell further, reach- 
ing its lowest value eleven minutes after exercise 
ceased. In patient H4 also, a second reduction of 
hepatic venous saturation occurred during re- 
covery. 


Grade I impairment of exercise cardiac output 


Three patients showed this grade of cardiac 
output impairment, (H6, H7, and H8). In them, 
the resting hepatic venous oxygen saturation was 
60 per cent, 74 per cent, and 67 per cent, respec- 
tively. On exercise there was no delay in the 
onset of reduction of saturation comparable to that 
found in the patients with a normal cardiac output 
response to exercise, although patient H8 showed 
only a small fall during the first minute. The 
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fall of saturation continued throughout exercise 
in patients H6 and H8, reaching the lowest min- 
ute mean levels of 30 per cent and 37 per cent, re- 
spectively, at the end of exercise. The behavior 
in patient H7 differed considerably in that, fol- 
lowing a steep fall of percentage saturation in the 
first minute of exercise, an increase of saturation 
followed in the second minute and a level but little 
below the resting value was maintained during the 
third minute. During the fourth and last minute 
of exercise a further fall occurred but the lowest 
level reached during exercise was only 61 per 
cent. 

When exercise ceased, the increase in blood oxy- 
gen saturation was prompt in onset, there being a 
brief delay in patient H7. In this patient the satu- 
ration which had decreased little on exercise re- 
turned to within 2 per cent of its resting value by 
the third minute of recovery after which a further 
slight fall occurred. In patients H6 and H§8, al- 
though the initial rate of recovery was rapid, it 
became slower after two and three minutes, re- 
spectively, and in the third minute of recovery the 
hepatic venous blood oxygen saturation remained 
15 per cent and 8 per cent below the resting level. 
Recovery was complete in patient H8 by the 
twentieth minute but the study was not prolonged 
beyond the fifth minute in patient H6 at which time 
recovery was still incomplete. 


Grade II impairment of exercise cardiac output 


Only one patient, H9, fell within this grading. 
After a very brief delay at the onset of exercise, 
the hepatic venous blood oxygen saturation fell 
from the resting value of 59 per cent, and, during 
the last minute of exercise, a steady level around 
30 per cent saturation was maintained. 

Recovery after exercise was rapid and, by the 
end of the second minute of recovery, a value only 
10 per cent below the resting level had been 
reached. Thereafter, the percentage saturation 
fell and rose again, but, even after twelve minutes 
of recovery, remained somewhat below the rest- 
ing value. 


Grade III impairment of exercise cardiac output 


Five patients, H10, H11, Hi2, H13, and H14 
showed this marked impairment of response of 
cardiac output to exercise. The hepatic venous 
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blood oxygen saturations at rest were 40 per cent, 
58 per cent, 67 per cent, 58 per cent, and 50 per 
cent, respectively. There was a prompt fall of 
saturation at the commencement of exercise except 
in patient H10, in whom no fall was seen until 
after the first minute of exercise. The fall was 
more rapid than in the patients in previous groups 
and the lowest level was reached after 1% to 3 
minutes of exercise. A rise of saturation then oc- 
curred in three of these patients even though ex- 
ercise was continuing. This rise was relatively 
small in patients H13 and H14 but was consid- 
erable in patient H12 where the mean level in the 
fifth and last minute was 12 per cent higher than 
in the second minute of exercise when the lowest 
saturation was reached. 

The lowest minute mean oxygen saturation 
levels reached were 18 per cent, 6 per cent, 32 
per cent, 15 per cent, and 21 per cent in patients 
H10, Hil, H12, H13, and H14, respectively. 
The level reached in patient H11 is particularly 
noteworthy, the hepatic venous blood oxygen satu- 
ration remaining constant between 6 per cent and 
10 per cent from the third to the tenth and last 
minute of exercise. 

When exercise ceased an increase in saturation 
occurred rapidly in two patients and after a de- 
lay of 20 to 30 seconds in the remaining three. 
Three minutes after exercise had ceased, satura- 
tion had reached its resting level in patient H10, 
was still 3 per cent and 7 per cent below resting 
in patients H12 and H13, and was slightly higher 
than resting in patient H14. In patients H10, 
H12, and H13 there was a subsequent fall in satu- 
ration. In H10 it was still 10 per cent below its 
resting level in the eighth minute of recovery 
when the study terminated and in H12 it was still 
5 per cent below resting level by the twenty-first 
minute of recovery, but by this time the resting 
level had been regained in H13. In patient H11 
saturation was 20 per cent below its resting value 
after three minutes of recovery and it remained at 
this level until the tenth minute when the study 
ended. 


Hepatic and mixed venous blood saturation 


The average lowest mean value of oxygen satu- 
ration of hepatic venous blood found in any minute 
during exercise in the group with a normal re- 
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sponse of cardiac output was 60 per cent. In the 
group with Grade I impairment of response it was 
44 per cent, in the one patient with Grade II im- 
pairment it was 29 per cent, and in the group with 
Grade III impairment it was 18 per cent. 

When the oxygen saturations of blood in the 
pulmonary artery and hepatic vein were com- 
pared in each patient during similar degrees of 
exercise, it was found that patients with a normal 
response of cardiac output to exercise showed less 
unsaturation of hepatic venous blood than of mixed 
venous blood (mean in hepatic vein, 60 per cent; 
mean in pulmonary artery, 46 per cent). In the 
case of two of the three patients with Grade I im- 
pairment of response and all five patients with 
Grade III impairment the reverse was true, the 
percentage oxygen saturation of mixed venous 
blood being equal to or higher than that of he- 
patic venous blood during exercise. In the pa- 


tients with Grade III impairment the mean oxy- 
gen saturation of mixed venous blood was 23 per 
cent and of hepatic venous blood was 18 per cent. 


Hepatic arterio-venous oxygen content difference 
at rest 


The area between the curves obtained when the 
arterial and hepatic venous oxygen saturation 
were plotted against time and thus the mean satu- 
ration difference for each minute, could be de- 
termined from any of the individual studies il- 
lustrated in Figure 2. Since the blood oxygen ca- 
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Fic. 4. Hepatic A-V DIFFERENCE AND ‘PULMONARY 
A-V DirrereNce’ AT REST IN 14 PATIENTS WITH RHEU- 
MATIC HEART DISEASE 

The normal range of resting hepatic A-V difference 
shown is that found by Myers, Brannon, and Holland (6). 


pacity was known, the mean hepatic arterio-venous 


oxygen content difference (hepatic A-V differ- 
ence) could be calculated, not only in the resting 
state, but during each minute of exercise and re- 
covery. These results are given in Table III. 

In Figure 3 the hepatic A-V difference of each 
patient at rest is plotted against the resting cardiac 


index. There is a rough linear relationship, low 
cardiac output in the more disabled patients being 
associated with a large hepatic A-V difference. 
In the four patients in whom the resting cardiac 
index was 2.5 L. per min. per m*. or less, the 
hepatic A-V differences were abnormally large. 
(H9, 7.5 vol. per cent; H10, 9.3 vol. per cent; 
H13, 7.8 vol. per cent; H14, 10.4 vol. per cent.) 
The range of normal hepatic A-V difference found 
by Myers, Brannon, and Holland (6) is 3.1 to 
6.2 vol. per cent (49 subjects). 

In Figure 4 the hepatic A-V difference for each 
patient is plotted against the arterial-mixed ve- 
nous blood oxygen content difference (described 
as ‘pulmonary A-V difference’ for convenience). 
In six patients the hepatic A-V difference and 
pulmonary A-V difference were approximately 
equal, while in a further six patients the hepatic 
A-V difference exceeded the pulmonary A-V dif- 
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ference by an average of more than 2.0 vol. per 
cent. The hepatic A-V difference was markedly 
less than the pulmonary A-V difference in only 
two patients and one of these had an abnormally 
small hepatic A-V difference. 


Hepatic arterio-venous oxygen content difference 
during exercise 


Figure 5 shows the hepatic A-V difference 
plotted against the total minute oxygen uptake at 
rest and during exercise, the two points being 
joined in each case. The exercise hepatic A-V 
difference plotted is the maximum mean minute 
value achieved up to the fifth minute of the second 
period of exercise. The oxygen uptake determined 
during the first and comparable period of exer- 
cise, is taken as a measure of the work performed. 
In the patients with a normal response of cardiac 
output to exercise, the hepatic A-V difference in- 
creased slightly with exercise just exceeding the 
upper limits of the normal resting range. A 
great increase occurred in the patients with Grade 
III impairment of response of cardiac output al- 
though they performed similar or only slightly 
less exercise. Patients with Grade I and II im- 
pairment of response occupy an intermediate 
position. 
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Fic. 5. Hepatic A-V DIFFERENCE AND TOTAL OXYGEN 
Uptake AT REST AND DuriING EXERCISE IN 14 PATIENTS 
witH RHEumatic Heart DISEASE 

The hepatic A-V difference during exercise is the 
greatest value observed up to the fifth minute of exercise, 
and the two points are joined in each patient studied. 
The normal range of resting hepatic A-V difference 
shown is that found by Myers, Brannon, and Holland (6). 
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Recovery of hepatic A-V difference after exercise 


The studies during recovery are less adequate 
than those during exercise as the period of con- 
tinued sampling varied considerably and the 
greater intervals between sampling makes in- 
terpretation less certain. 

The hepatic A-V difference had returned to the 
resting value by the second or third minute in 
three of the patients (H1, H2, and H5) with a 
normal cardiac output response to exercise. The 
remaining patients in this group (H3 and H4) 
had values which still exceeded the resting hepatic 
A-V difference in the ninth and seventh minutes 
of recovery, respectively. 

In the patients with Grade III impairment re- 
covery was slower except in patient H14 in whom 
it was complete by the third minute. The most 
striking delay in recovery was in patient H11 
in whom, after ten minutes, the hepatic A-V dif- 
ference was still more than 3.0 vol. per cent in 
excess of the resting value. The hepatic A-V 
difference was greater than at rest until the seven- 
teenth minute of recovery in patient H13, until the 
twenti¢th minute in patient H12 and until the 
seventh minute in patient H10, when the study 
ceased. Recovery was delayed similarly in the 
four patients with Grade I and II impairment of 
response of cardiac output. 

To summarize, it appears that, while in some 
patients with a normal response of cardiac output 
to exercise the hepatic A-V difference returns to 
resting levels within three minutes, this is not a 
constant feature. In patients with an impaired 
exercise cardiac output, especially when this im- 
pairment is severe, delay in recovery is present in 
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almost every case and is prolonged to the tenth, 
and in some patients the twentieth minutes. 


Deductions as to changes in hepatic blood flow 


The increase in A-V difference in a region 
where it is unlikely that the oxygen uptake altered 
greatly during the period under consideration, 
makes it probable that there was a corresponding 
reduction in blood flow through that region. If 
the oxygen uptake of the splanchnic region is as- 
sumed to remain constant, then the exercise flow 
may be expressed as a percentage of the flow at 
rest. For: 

AVr 
AVE 


where Fx and Fx are the exercising and resting 
hepatic blood flows and AVg and AV, the cor- 
responding hepatic A-V differences. 

In Figure 6 the hepatic blood flow during exer- 
cise calculated in this way and expressed as a 
percentage of the patient’s resting hepatic flow, is 
plotted against minute oxygen uptake during ex- 
ercise. In general the patients with a normal re- 
sponse of cardiac output to exercise show the 
least reduction of hepatic blood flow. The mean 
exercising hepatic flow is 59 per cent of the rest- 
ing flow in this group, as compared with 50 per 
cent of the resting flow in the patients with Grade 
III impairment of cardiac output response to ex- 
ercise. If however these calculations exclude pa- 
tient H5 whose resting hepatic A-V difference 
was abnormally small, the mean hepatic blood flow 
during exercise for the group of patients with 
normal response of cardiac output was 71 per 
cent of the resting flow (Table IV). 


Fre = Fr X x 100 


TABLE IV 
Hepatic A-V difference at rest and on exercise and deduced changes in hepatic blood flow * 








rmal C.O. response 
(Mean - uptake 581 ad sae. /m.%) 
(Patient H5 excluded 


Grade III impairment of C.O. response 
(Mean O: uptake 457 ml./min./m.*) 








Hepatic blood flow 


Hepatic blood flow 








(a) 

A-V As percentage 
diff. resting 

Vol. % flow 


(b) 

As percentage A-V 
“mean normal diff 

resting flow” 


(b) 
As percentage 
“mean normal 
resting flow” 


(a) 
As percentage 
resting 
flow 


Vol. % 





Rest 4.70 100 91 


7.88 100 54 





Exercise 


6.64 71 65 


15.90 50 27 





’* Mean values for group with normal cardiac output response to exercise and group with Grade III impairment of 


exercise cardiac output. 





HEPATIC A-V DIFFERENCE DURING EXERCISE IN HEART DISEASE 





© NORMAL CO. RESPONSE 
@ GRADE I IMPAIRMENT 
X GRADE TI IMPAIRMENT 
4 GRADE II] MPAIRMENT 








1 1 l l 1 4 l l 1 
° Le) 20 3 «6040 50 60 70 80 90 «6100 
HEPATIC BLOOD FLOWAS PERCENTAGE RESTING FLOW 





Fic. 6. Hepatic BLroop FLrow as A PERCENTAGE OF 
ReEstinG Frow anp TotraL Bopy OxyGEN UPTAKE, AT 
REST AND DURING EXERCISE, IN 14 PATIENTS WITH RHEU- 
MATIC Heart DISEASE 


Resting and exercise values in each patient studied 
are joined. 


Since there was considerable variation in resting 
hepatic A-V differences, many of the values ob- 
served being abnormal, a better estimation of the 
absolute changes in blood flow may be obtained by 
using, instead of each patient’s resting hepatic 
A-V difference, a mean resting hepatic A-V dif- 
ference derived from normal subjects. In the 
largest study of normal subjects yet reported, 
Myers, Brannon, and Holland (6) obtained a 
mean resting hepatic A-V difference of 4.29 vol. 
per cent. Since Myers and Hickam (7) found 
that the splanchnic oxygen uptake in a group of 
resting patients in frank congestive cardiac failure 
was not significantly altered from normal (mean, 
41 ml. per min. per m.*: normal mean, 38 ml. per 
min. per m.*), it can be assumed that the resting 
splanchnic oxygen uptake of the patients here 
studied was also equal to the mean normal resting 
value. Thus the resting hepatic blood flow can be 
expressed as a percentage of the mean resting 
hepatic blood flow of normal subjects. For: 


4.29 
AVr 
where FR is the patient’s resting hepatic blood 
flow, AVx his resting hepatic A-V difference and 
Fywr is the mean normal resting hepatic blood 
flow. If it is further assumed that the splanchnic 
oxygen uptake of the patients was unaltered by 
exercise, the hepatic blood flow on exercise can 


FR = Fmnr X xX 100 
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Fic. 7. Hepatic BLoop Flow AS A PERCENTAGE OF 
MEAN NorMAL RESTING FLow AND TOTAL OxyYGEN UP- 
TAKE, AT REST AND DURING EXERCISE, IN 14 PATIENTS 
WITH RHEUMATIC HEART DISEASE 


The two points are joined in each patient studied. 


also be derived as a percentage of the mean normal 
resting hepatic flow by the same relationship. 

The values for all patients at rest and on exer- 
cise obtained by making these assumptions are 
shown in Figure 7, the two points for each pa- 
tient being joined. Mean values for the group 
with normal response of cardiac output to exer- 
cise, again omitting patient H5, and for the group 
with Grade III impairment of response of cardiac 
output are given in Table IV. In the group with 
a normal response the resting hepatic blood flow 
fell from 91 per cent of the mean resting flow of 
normal subjects to 65 per cent of this flow when 
they exercised. The patients with Grade III im- 
pairment of response had a resting hepatic blood 
flow that was only 54 per cent of the normal rest- 
ing flow and on exercise the flow fell to 27 per 
cent of the normal resting flow. 


DISCUSSION 


Although it has been widely accepted and 
taught that there is a reduction in splanchnic blood 
flow during exercise, there is little convincing evi- 


dence in support of this. Barcroft and Florey (8) 
observed contraction of the exteriorized spleen 
in dogs during exercise together with very transi- 
ent blanching of a part of exteriorized colon. 
Herrick, Grindley, Baldes, and Mann (9) ap- 
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plied thermostromuhrs to the superior mesenteric 
and splenic arteries of dogs. There was an in- 
creased blood flow on exercise in both arteries in 
the majority of their studies, although in a number 
there was a reduction immediately after exercise. 
The accuracy of the thermostromuhr technique 
has been severely criticized (10) and these results 
must be treated with considerable reserve. Brad- 
ley (11), in preliminary experiments using the 
bromsulphthalein method over longer periods of 
rest and exercise in a normal human subject, ob- 
tained evidence suggesting that there was a reduc- 
tion in splanchnic blood flow during exercise. 

In the present investigation it has been shown 
that profound and rapid changes in the hepatic 
A-V difference occurred in patients with rheu- 
matic heart disease during leg exercise in the su- 
pine position and that these changes were greater 
in patients with severe limitation of cardiac output 
response to exercise. Unless there were quite ex- 
traordinary and unexpected increases in splanch- 
nic oxygen uptake during exercise, this suggests 
that the hepatic blood flow of these patients, which 
was already considerably reduced at rest, was still 
further reduced during exercise to about one 


quarter of the normal resting flow. Thus on the 
basis of a mean normal resting hepatic blood flow 
of 1530 ml. per min., as determined by Bradley, 
Ingelfinger, and Bradley (5), the hepatic blood 
flow during exercise in the patients with a nor- 
mal cardiac output response was of the order 


of 1 liter per min. Similarly, the patients with 
Grade III impairment of cardiac output had a 
mean resting flow of about 800 ml. per min. which 
fell on exercise to approximately 400 ml. per min. 
These findings at rest in the patients with Grade 
III impairment are in close agreement with the 
results of Myers and Hickam (7) whose patients 
were in congestive failure. 

If on exercise this reduction in blood flow to 
non-exercising parts of the body did not occur in 
these patients with low unchanging cardiac out- 
puts, then the maintenance of the blood pressure 
(see Table II) in the presence of considerable 
vasodilation in the legs, and of adequate blood sup- 
ply and oxygen transport to the exercising muscles 
would not be possible. 

The changes in hepatic A-V oxygen difference 
during exercise in normal subjects are not known 
but, in view of the definite increase of A-V oxy- 
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gen difference during exercise in patients with 
rheumatic heart disease and normal behavior of 
the cardiac output during exercise, it seems prob- 
able that the same change in A-V oxygen differ- 
ence occurs in normal subjects. Studies in nor- 
mal subjects are in progress. 

The low levels of oxygen saturation of blood in 
the hepatic venous system during exercise in the 
more disabled patients indicate that parts of the 
liver, in particular the centrilobular cells, must 
be subjected to very low oxygen tensions during 
exercise. Since recovery to resting levels was 
very prolonged in a number of these patients, the 
oxygen tensions in the centrilobular cells must 
have been abnormally low for considerable pe- 
riods of time. Centrilobular necrosis is a well 
recognized result of anoxia (12) and it has also 
been shown that recurrent attacks of minor cen- 
trilobular necrosis may lead to fibrosis. The de- 
gree of exertion in these experiments, which did 
not cause dyspnea in many cases, must be paral- 
leled not infrequently in the everyday life of these 
patients. It would appear possible, therefore, that 
many of the more disabled patients with heart 
disease suffer from repeated, marked and pro- 
longed reduction of splanchnic blood flow and that 
this may play a part in the causation of the dis- 
turbances of liver structure and function found in 
a number of such patients. 


SUMMARY 


The changes in oxygen saturation of hepatic 
venous blood have been followed by frequent 
catheter sampling during and after leg exercise in 
patients with rheumatic heart disease. 

The hepatic oxygen A-V differences were found 
to increase in all patients during exercise, the in- 
crease being greatest in the patients in whom the 
response of the cardiac output to exercise was im- 
paired. In some of these disabled patients when 
exercise ceased the return of the hepatic A-V dif- 
ference to its resting level was delayed for twenty 
minutes or longer. 

On the assumption that the splanchnic oxygen 
uptake of these patients was normal at rest and 
did not change during exercise, it has been de- 
duced that the hepatic blood flow of the patients 
with a normal response of cardiac output to ex- 
ercise was almost normal at rest and on exercise 
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was reduced to 65 per cent of the normal resting 
value. In patients in whom the response of the 
cardiac output to exercise was severely impaired, 
the hepatic blood flow at rest was only 54 per 
cent of the resting blood flow of normal subjects 
and on exercise it was reduced to 27 per cent of 
the normal resting flow. 

The very low oxygen saturation of hepatic ve- 
nous blood observed during relatively light ex- 
ercise in patients with severe heart disease may 
be concerned in the development of cardiac cir- 
rhosis of the liver. 
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Data concerning the life-span of various human 
plasma proteins are yet meager. Methods have 
been difficult and data often uncertain of inter- 
pretation. Approximations have depended chiefly 
upon determining the rate of release of isotopic 
labels from protein molecules. Both in vitro 
chemical incorporation of isotope (I***) and in 
vivo biosynthetic labeling (N**, S**) have been 
employed. 

In this laboratory, an effort has been made to 
measure the “life-duration” of total serum pro- 
teins, albumin, fibrinogen, beta-1 lipoproteins, and 
gamma globulins in normal and cirrhotic man. 
Biosynthetic introduction of the radioisotope tag 
(S**) has been chosen rather than chemical labeling 
so as to avoid any alteration in biologic life-span 
which might result from chemical labeling pro- 
cedures. Two types of experiments have been 
carried out : measurement of rate of isotope loss in 
plasma protein fractions (I) after feeding S*- 
labeled cystine and (II) following transfusion of 
plasma previously labeled by a normal human 
donor fed S** cystine. A very considerable effort 
has been made to utilize the newer and more pre- 
cise chemical and physical methods in separating 
the various plasma proteins from small blood 
samples. Relatively homogeneous protein frac- 
tions have been isolated for isotope analysis. In 
a few experiments, simultaneous observations have 
been made upon rates of albumin decay with both 

1 This investigation was supported by research grants 
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Diseases of the National Institutes of Health, U. S. 
Public Health Service (A-173); the John and Mary R. 
Markle Foundation; the A. H. Robins Company, Rich- 
mond, Va.; and funds for Research in Biology and Medi- 
cine accruing through Initiative 171 of the State of Wash- 
ington. 

2 Presented in part before the annual meeting of the 
Western Society for Clinical Research, January 29, 1954. 

8 John and Mary R. Markle Scholar. 

*A. H. Robins Research Fellow in Gastroenterology. 


biosynthetic (S**) and chemical (I***) labeling 
methods. Studies have been conducted simul- 
taneously in normal subjects and in subjects with 
advanced portal cirrhosis having gross abnormali- 
ties of plasma proteins, with hope of discovering 
if differences are present in the biologic life-span 
of plasma protein components. 


METHODS 
Subjects Chosen for Study 


Normal subjects 


Individuals were male laboratory colleagues or medi- 
cal students under 36 years. All were stable in weight, 
had good health, and showed normal bromsulfalein ex- 
cretion, thymol turbidity tests and serum electropho- 
retic patterns. Regularity of the individual’s usual high 
protein diet and working hours was maintained through- 
out the period of study. Serum total protein, albumin 
concentrations, hematocrit, and body weight remained 
constant during the period of observations. 


Cirrhotic subjects 


These subjects were selected for study as being in an 
advanced stationary phase of portal cirrhosis. The ma- 
jority had been confined to the chronic disease unit of 
King County Hospital for many weeks before com- 
mencing observations. Although gross alteration in the 
concentration of various plasma proteins with marked 
hypoalbuminemia was present in most, nearly all were 
edema-free at the time of study. Serum protein con- 
centrations, hematocrit, and body weight were constant 
during the period of study. All cirrhotic subjects ex- 
cept one ® were confined to the Research Metabolic Ward 
throughout the period of observation, and all were main- 
tained on constant diet (calories to maintain weight, 
protein 90 gm., fat 90 to 130 gm., sodium restricted as 
necessary to avoid edema). Detailed data of each de- 
fining the severity of cirrhosis, body weight, and ca- 
loric intake® are given in Table I; brief case sum- 
maries appear in the Appendix. 


5 Subject 11, studied in chronic disease unit. 

6 Though variations in caloric and protein intake rela- 
tive to body weight occurred, these were not considered 
to be of the magnitude shown to influence significantly 
rates of plasma protein metabolism (1). 
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Isotope Preparation and Administration 


intake t 


Caloric 


Radioactive sulfur 


Dose and form of S*® given to each subject are shown 
in Table II. In early experiments, chemically synthesized 
S*-labeled dl-cystine7 was used. In later observations, 
S*-labeled I-cystine * was employed; this was prepared 
by the action of yeast upon labeled sulfate, with subse- 
quent chromatographic isolation of the amino acid. 

Oral administration of cystine: The dose of amino acid, 
contained in 50 to 150 ml. of very dilute hydrochloric 
acid, was taken by the subject intermittently during 
breakfast. 

Plasma transfer: Normal donors compatible for plasma 
transfer to the selected recipients were bled in the fasting 
state 20 hours after oral administration of S*-labeled 
cystine, utilizing the facilities of the King County Cen- 
tral Blood Bank.® Approximately 825 ml. of whole blood 
were collected in two bottles, each containing 120 ml. 
standard acid citrate dextrose 1° solution. After storage 
at 4° C. for 1 hour, the bottles were centrifuged, and the 
plasma separated into two labeled-plasma units of ap- 
proximately equal volume. In cases where the recipient 
was of other than the major blood group of the donor, 
though agglutinin titres were very low, 10 ml. Sharp & 
Dohme Solution Blood Group A and B Specific (Witeb- 
sky) Substances were added to a plasma unit. Duplicate 
plasma units were promptly transfused (within 3 hours 
of bleeding) into a normal and a cirrhotic subject. 
Erythrocytes were resuspended in saline and returned to 
the donor. 


Keg. 


patient 


Liver 


bi 


tained 


BaSO. 


Thymol 
turbidity 


Cephalin 


% reten- 


chemical determination. 


Prothr. 


% normal 


conc, 


y 
€ 





Serum 
alb 
gm. 


oO 
« 


Radioactive iodine (I™*) 


The iodinated human albumin preparation 11 was re- 
ported to contain 1 to 2 iodine atoms per molecule of 
protein, with a concentration of 10 mg. protein and 45 uc 
I™ per ml. Exactly 102.25 uc were injected with rinsing 
into the rubber tubing of the intravenous set conveying 
S*-labeled plasma (or saline) to each subject. Thyroid 
uptake of radioactive iodine was blocked by administer- 
ing a saturated solution of potassium iodide, 10 drops 
three times daily, throughout the period of the study. 





varices 
caval 
shunt for 


Esoph. 
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ba | 
= 
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rv 
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§ 
= 
ies 
i} 
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Serum 
TP 
gm 
free electrophoretic determination; c 


v. slight 
0 
0 
0 


Peripheral 


Separation of Plasma Protein Components 
Collection of blood 


About three times weekly, 90 to 100 ml. blood were 
drawn in the fasting state. Thirty ml. were used for 
fibrinogen preparation, and serum was obtained from the 


esophagoscopy ; e 








Jaundice 


Dept. 

Physiological Chemistry, University of California. 

8 Chiefly obtained from Dr. Harold Tarver; some 
furnished by Abbott Laboratories. 

® The authors are grateful for the assistance of Dr. 
Richard S. Czajkowski and Mr. Soren Juul. 

10 Trisodium citrate 22.0 gm., citric acid 8.0 gm., dex- 
trose 24.5 gm. per liter. 

11 Abbott Laboratories, administered within four days 
of iodination. 


Spleno- 
megaly 





roentgen examination; Es 


Hepato- 


megaly 
t Contained 90 gm. protein daily. 


my 
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VOLWILER, GOLDSWORTHY, MACMARTIN, WOOD, MACKAY, AND FREMONT-SMITH 


TABLE II 


Isotope dosage and excretion 








Sulfur (S*) 


IV dose 
Plasma-citrate Donor 
————— source Fecal 
Conc. Total $% Urine excretion excretion 
total radio- plasma % total dose % total 
— ———— prot. activity Subject - ——~ dose 
Subject 7 . . ml. gm. % mc. X108 No. Day 1 Days 1-3 Days 1-3 


Normal subjects 


di-cystine 10.8 0.587 ees 57.0 60.4 
dl-cystine 6.6 7 19.4 20.5 
I-cystine 36.0 d 16.0 22.7 


| 
| 
| 
| 
| 
| 
| 
| 


l-cystine 81.0 3. , 12.9 17.1 


l-cystine 79.0 .2 3 14.0 18.7 
l-cystine 79.0 : 11.0 13.5 
l-cystine 140.0 


SOONIAU Whe | 


5.1 


Cirrhosis 





dl-cystine 
dl-cystine 
dl-cystine 
l-cystine 


l-cystine 


Iodine (I'*') 
7 mg. human serum albumin containing 102.25 yc I'3!*) 


(Each subject received IV 2. 





Urinary excretion 
% total dose 


Subject Day 1 Days 1-3 
Normal 


8.2 20.2 
8.8 20.9 


Cirrhosis 


Fr met sy et 


* Approval of this dosage was obtained from the Subcommittee on Human Applications of the Atomic Energy 
Commission. 


remainder after allowing it to clot for 1 to 2 hours. One volume of acetate-ethanol reagent 12 to give a final pH 
part of ACD solution (2) was added to three parts of of 6.9 and ethanol concentration of 6 per cent. After 


serum; this serum solution was then allowed to stand standing one hour at 4 to 5° C., the precipitate was sepa- 

overnight at 4 to 5° C. rated by centrifugation at 0° C., washed with 5 ml. cold 
co 6 per cent ethanol in pH 6.8 phosphate buffer (ionic 

Fibrinogen i aa a 

strength 0.01), and recentrifuged. This washing pro- 

Employing the general method of Surgenor, Alex- cedure was repeated three times. 

ander, Goldstein, and Schmid (3), calcium was removed sl : 

i ; ; Albumin 

from 30 ml. of blood by passage over sodium cycle 


volume of ACD serum was carried through the Cohn Method 


Dowex-50 cation-exchange resin. One-tenth 
10 fractionation (2) to obtain Fraction IV+V. This 


barium sulfate was suspended in the plasma, which was 
then cooled to 0 to 1° C. After stirring for 10 minutes, 12 The quantity of pH 4 acetate buffer (0.16 M sodium 
the barium sulfate was removed. The fibrinogen was acetate, 0.08 M acetic acid) to be added was determined 
then precipitated by diluting the plasma with an equal by titration of a plasma aliquot to pH 6.9. 
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product was subjected to further differential precipitation 
and extraction in buffered ethanol solutions at — 5° C., 
as devised by Batchelor and Brown (4) to yield Fraction 
V; this allowed separation and discard of a glycoprotein 
by means of differential solubility. 


Beta-1 lipoproteins 


ACD serum was fractionated by the Cohn Method 10 
(2) to obtain Fraction I+ III. In the later experiments, 
this sample was then subjected to preparative ultracen- 
trifugation in low and high density salt solutions, in ac- 
cord with the general plan of Lindgren, Elliott, and Gof- 
man (5): The Cohn I+ III paste from 15 ml. of serum 
was dissolved in 9 ml. cold 0.1 M sodium chloride (den- 
sity 1.00418), and centrifuged in a 10.5 ml. capacity 
lusteroid tube at 4° C. for 12 hours at 40,000 rpm (Model 
L Spinco Ultracentrifuge, size 40 head). The top 7 ml. 
of fluid which contained chylomicrons, lipids, and lipo- 
proteins of S- values approximately 17 to 70 was dis- 
carded and the walls of the tube wiped clean. To the 
residual solution was added, with stirring, 7 ml. cold 
saline-glycine reagent, density 1.09014 (0.3 M_ sodium 
chloride, 3.38 M glycine) to obtain a final density of 
1.064.15 After centrifugation for 12 hours at 4° C. and 
40,000 rpm, 1 to 2 ml. of the floating viscous yellow layer 
plus saline was carefully removed with a glass capillary 
or short-beveled needle and syringe from the interface of 
the tube wall, lipoprotein and air. This material was 
presumed to contain lipids and lipoproteins of Sr values 
approximately 2 to 17, thus lipoproteins migrating elec- 
trophoretically with the beta globulins and of density 
greater than 1.004 but less than 1.064. This lipoprotein 
solution was then dialyzed against running tap water for 
6 hours before oxidizing to inorganic sulfate. 


Gamma globulins 


ACD serum was separated by the Cohn Method 10 (2) 
to obtain Fraction II. For subjects 9, 10, and 18, a 
slight modification suggested by Russ (6) was employed; 
this attempted more complete removal of beta globulins 
by increasing their solubility through use of larger voi- 
umes of reagents (7 plasma volumes instead of 5). In 
a few experiments, Fraction II was subjected also to fur- 
ther purification by a modification of the starch zone 
electrophoresis method of Kunkel and Slater (7), using 
a pH 9.0 phosphate buffer, ionic strength 0.1; eluted 
protein from the trailing half of the gamma globulin 
zone, presumed to be free of beta globulins, was analyzed 
for sulfur specific activity. Neither of these modifica- 
13 At 23° C. 

14 At 23° C. 
15 Calculated at 23° C. 
zo 


without considering the effect 
of the lipoprotein; at 5° C. this density was determined 
to be 1.069. For subjects 9, 10, and 18, sufficient reagent 
was added to obtain a final measured density of 1.064 at 
23° C.; the sample was then made to volume by adding 
reagent of same density. 
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tions, however, appeared to alter the character of the 
isotope data finally obtained. 


Appraisal of Homogeneity of Protein Fractions 


One or two samples of each fraction from most ex- 
perimental subjects were analyzed for electrophoretic 
homogeneity. The electrophoresis apparatus (Perkin- 
Elmer Model 38) was used with diethyl-barbiturate buf- 
fer, pH 8.6, ionic strength 0.1 and sample protein con- 
centrations of 1 to 1.5 per cent. Photographs were taken 
with the knife-edge and Schlieren 
tem. Analyses of enlarged electrophoretic patterns were 
made by dropping perpendiculars to the base line from 
the low point between peaks. The pattern areas were 
then obtained by taking the mean of the planimeter-meas- 
ured areas beneath the upper and lower contour edges of 
the descending limb patterns (8). The 8 anomaly was 
analyzed by measuring the area above the base line and 
line. 


lens-scanning sys- 


subtracting from it the area below the base 
Per cent electrophoretic homogeneity was found as fol- 
lows: albumin: normal 85.4 to 100.0 (average 91.9), cir- 
rhosis 79.6 to 91.1 (average 85.6) ; 8, lipoprotein: normal 
87.9 to 100.0 94.2), 100.0 
(average 90.1); fibrinogen: normal 69.6 to 100.0 (aver- 
age 81.7), cirrhosis 56.3 to 88.8 (average 77.5) ; y globu- 
lin: 16 normal 81.2 to 89.1 (average 84.7), cirrhosis 77.8 
to 94.5 (average 88.7). Electrophoretic mobility of fibri- 
nogen peaks ranged from — 
cm.’ volt* sec.* X 10°. 


(average cirrhosis 80.3 to 


2.0 to — 2.6 (average — 2.3) 


Ultracentrifugal analyses of a number of beta-1 lipo- 
protein preparations were made ‘7 in the analytical ul- 
tracentrifuge (Spinco Model E) equipped with a diag- 
onal bar, cylindrical lens Schlieren optical system and 
analytical rotor (type A); this was operated at 24° C., 
52,640 rpm with an acceleration time of 6 minutes and 
camera exposures taken at 0, 8, 16, 24, 32, and 40 min- 
utes. In each case only one discrete migrating boundary 
was observed (Figure 1) the flotation 
shown in Table III; however, in a few instances a very 


with constant 
small amount of a slightly faster component could be de- 
tected on the leading edge of the major boundary. 

The beta-1 lipoproteins were further characterized by 
Table III. Total 
the method 


the chemical analyses summarized in 


and free cholesterol 1* were determined by 
of Sperry and Webb (12), phospholipid 1% by a modifica- 
(13) 


(14), and nitrogen as described 


tion of the combined methods of Whitehorn and 


Fiske and Subbarow 


below. 
The purity of the fibrinogen preparations, measured as 


clottable protein by Morrison’s procedure (15), was 


found to be 55 to 63 per cent. 


16 Whereas the major peak of other fractions was al- 


ways symmetrical, the gamma peak was usually asym- 
metric, with a steeper gradient on the trailing edge. 

17 Kindly performed by Mr. Roger Wade of the De- 
partment of Biochemistry. 

18 For these determinations we are indebted to 
Della Ramsden of the Department of Pathology. 


Mrs. 





VOLWILER, GOLDSWORTHY, MACMARTIN, WOOD, MACKAY, AND FREMONT-SMITH 





Fic. 1. 


ULTRACENTRIFUGAL 





FLOTATION PATTERN OF REPRESENTATIVE 8, LIPOPROTEIN SAMPLE 


(Suspyect 17), Exposures at 16 aANp 32 MINUTES 


Sample centrifuged at 52,640 rpm at 25° C. 


mate density 1.064. 


Preparation of Samples for Isotope Analysis 
S® analysis 

Plasma proteins: Protein sulfur was first oxidized to 
inorganic sulfate by the suethod of Pirie (16) and then 
Protein sam- 


crystallized as the benzidine sulfate (17). 
ples of 50 to 150 mg. were oxidized with 5 ml. Pirie’s 


reagent by being warmed slowly to 280 to 300° C. and 
kept at this temperature for 18 hours. After removal of 
the residual perchlorate by heating, 1 ml. conc. HCl was 
added and the sample was reheated at 300° in the air 
bath until dry. After cooling, 3 ml. water and 3 drops 
of 1 N HCl were added; any precipitate remaining after 
slight warming was filtered off. Two ml. of benzidine 
dihydrochioride reagent (2 per cent in 0.2 N HCl) were 
added and the solution was then kept at 4° C. for 24 
hours. When the sample was small, crystallization was 
aided by the addition of ethanol to 50 per cent concen- 
tration, shaking and reducing the temperature to 0 to 
— §° C. 

Approximately 4 mg. quantities 1° of benzidine sulfate 
were collected (sample diameter 21 mm.) on Whatman 

19 These varied from 0.18 to 1.82 mg. benzidine sul- 
fate per cm.’ sample surface. The smaller amounts were 
from §, lipoprotein fractions, the highest from albumin. 
The amounts of plasma or serum required to furnish 
benzidine sulfate samples of adequate size varied widely 
according to the specific protein fraction, and depended 
chiefly upon the plasma concentration and the sulfur con- 
tent of the protein component. The sulfate 
plated upon a single planchet represented the recovered 
amounts of the individual proteins from the following 


benzidine 


quantities of serum or plasma: albumin 0.8 to 1.5 ml. 
serum, gamma globulin 1.7 to 7 ml. serum, §, lipoprotein 
22 to 30 ml. serum, fibrinogen 15 to 20 ml. plasma, total 
protein 0.4 ml. serum. Thus, whereas duplicate samples 
of albumin, gamma globulin, and total protein were cus- 


tomarily prepared, only single planchet samples of fibrino- 


in sodium chloride-glycine solution of approxi- 


42 filter paper by filtration on a stainless steel screen or 
sintered glass apparatus similar to that used by Tarver 
and (18) Kinsell (19). 
The precipitate was washed with cold distilled water 
After drying at room 


Schmidt and and co-workers 
and cold 95 per cent ethanol. 
temperature, the paper was mounted for counting upon 
a Tracerlab E-7 brass disc with ring. The total quan- 
tity of sulfur counted as benzidine sulfate was determined 
by titrating an aqueous solution of the benzidine sulfate 
(boiled frequently to remove CO.) with 0.01 N NaOH 
using phenol red as an indicator. 

Urine: Small aliquots (0.2 ml.) of the diluted (1:10) 
24-hour urine collections were evaporated and counted 2° 
on copper or stainless steel planchets. 

Feces: Since the total isotope content of benzidine sul- 
fate from stool samples was low, only filtered aqueous 
extracts of 24-hour stool samples were evaporated and 
counted (without self-ahsorption correction) on stainless 
steel planchets. 


I™ analysis 


Serum: Two ml. samples of serum were counted in 4 
ml. screw-top glass vials. 
Urine: Two ml. aliquots of 24-hour urine specimens 


were similarly counted. For collections made 28 to 35 


131 


days after the injection of I™ albumin, urine was con- 


centrated 5 to 10 fold before counting. 
Isotope Counting 
S® counting 

S®* activity was measured in a windowless gas-flow 
Geiger-Miiller counter having an efficiency of 50 per cent 
and a background of 15 counts per minute. 


gen and §, lipoprotein were obtained for each experi- 
mental point. 

20 Several control experiments showed that no self- 
absorption correction need be applied. 
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Corrections were applied to the counting data as neces- 
sary for self-absorption, coincidence (20), and decay, 
Day-to-day variation, and differences in instrumentation, 
were eliminated by counting a C™ reference standard with 
all samples. 


I** counting 


I™ activity was measured in a well-type sodium iodide 
crystal scintillation counter having an efficiency of 28 per 
cent and a background of 80 to 100 counts per minute. 
Samples were prepared and counted in duplicate except 
for the concentrated urine samples. 

Corrections for both day-to-day variations in counter 
sensitivity and isotopic decay were made by counting an 
I™ standard source daily, then correcting the sample 
activities by a factor which was the ratio of I standard 
source initial activity to I™ standard source daily activity. 
Differential counting 

There was no interference of either of the isotope ac- 
tivities with the counting of the other. I’ was found to 
be completely removed from S* during the protein di- 
gestion and benzidine sulfate crystallization while the 
scintillation counter could detect only the I™ activity of 
the isotope mixture. 


Miscellaneous Analytical Procedures 
Plasma volume 


The method of Gibson and Evans (21) was used, where 
5 ml. of 0.5 per cent Evans Blue dye (T-1824) 21 were 
injected, 4 to 6 heparinized blood samples being with- 
drawn between 10 and 25 minutes after dye injection. 
Following determination of plasma dye concentrations 
in a Beckman Model B Spectrophotometer (wave length 
605 m#), these data were plotted against time on linear 
graph paper, and the curve extrapolated to obtain zero 
time plasma dye concentration. 


Nitrogen 


Micro-Kjeldahl the 
mercury catalyst of Hiller, Plazin, and Van Slyke (22), 


digestion was employed, using 
followed by distillation of ammonia from the Kirk ap- 
paratus (23) into 2 per cent boric acid solution, and semi- 
microtitration of the distillate with standard sulfuric acid. 


Corrections for non-protein nitrogen were made (24). 


Serum total protein concentration 


The factor 6.25 was employed to convert grams of 
nitrogen to total protein. 


Albumin concentration 


Chemical determination was conducted by salting-out 
the globulins by the method of Reinhold, Steward, and 
Gilman (25, 26) ; the nitrogen of the albumin filtrate was 
measured by micro-Kjeldahl as described above. 


21 William R. Warner & Co. 
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Plasma fibrinogen concentration 

The method of Ratnoff and Menzie (27) was modified 
by using the colorimetric determination of protein con- 
tent described by Lowry, Rosebrough, Farr, and Randall 
(28). For converting tyrosine to fibrinogen concentra- 
tions, the average factor used was determined by three 
experiments to be 7.38 with a standard deviation from 
the mean of 0.14. 


Serum beta-1 lipoprotein concentration 

This was roughly approximated from dried weight (9) 
of total sample. 
Experimental errors 

The errors of the various specific activities used in 
making half-life determinations were: (a) Plating of 
benzidine sulfate. Samples of less than 0.4 mg. per cm.’ 


Untreoted protein ( ) t= 23 days 


re} 
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ethanol treated protein (———) t; =24 days 


nN 
°o 
oO 


Serum toto! Protein 


ro) 
5 


eal 
34 36 38 40 


‘ounts /Minute/mg Sulfur x10? 


C 


4 16 18 20 22 24 26 28 30 32 
TIME IN DAYS 


Evaporoted whole urine ( ) 


Benzidine sulfote— Ba 30, (--~-=) 


iS 

% Urinary Excretion /Day 
2°29 o- 

yn we _~ oO 


s 


he 


024685 
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Evoporoted whole urine (————) 
Benzidine sulfote-Bo $0, ---) 





% Dose Retained 





Pad % Urinary Excretion /Day 


02 4 6 & 10 2 14 16 1B 20 22 24 26 28 30 32 34 36 3840 
TIME IN DAYS 


Fic. 2. Supyecr 7: Stupres oF Urtnary S*” Excretion 


AND STABILITY OF PRoTEIN-BouND ISOTOPE 
Daily isotope excretion shown as the broken lines in 
graphs B and C was obtained as the product of sulfur 
specific activity from isolated benzidine sulfate times total 
sulfur excreted, determined as barium sulfate. Solid 
lines are drawn through experimental points shown. 
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DIAGRAMATIC ISOTOPE CURVE, PLASMA PROTEINS 


rm m 





L0G SPECIFIC ACTIVITY 








T 


2-4 25-40 


4 
TIME IN DAYS 
Fic. 3. Curve A: Fractions or 8, LiPpoproTEIN AND 
FIBRINOGEN OBTAINED FoLLowING OrAL ADMINIS- 
TRATION OF S“-LABELED CYSTINE OR AFTER TRANS- 
FUSING S-LABELED PLASMA 

Curve B: Fractions oF yY GLoBuLINS ISOLATED FoL- 
LOWING TRANSFUSION OF S”-LABELED PLASMA, AND 
ALBUMIN oR ToTAL SERUM PROTEINS OBTAINED 
AFTER EITHER ORAL ADMINISTRATION OF S*-LABELED 
CYSTINE oR INTRAVENOUS TRANSFER OF S“-LABELED 
PLASMA 


(8, lipoprotein samples only) could not be evenly dis- 
tributed over the entire planchet surface. Since self ab- 
sorption correction factors are based upon even distribu- 
tion, a standard deviation from the mean of +2 per 
cent would be introduced if the sample were to cover only 
60 per cent of the planchet surface area. (b) Counting. 
The standard deviation from the mean of counting rates, 
due to the random nature of disintegration, were cal- 
culated from curves constructed from published data 
(20). These errors for the different specific activities 
on the first and last days involved in the half-life cal- 
culation were, for experiments where oral cystine was 
given: + 1 and 3 per cent for 8, lipoprotein, + 1 per cent 
for other fractions; and when S*-labeled plasma was ad- 
ministered: + 3 and 9 per cent for 8, lipoprotein, + 2 and 
5 per cent for other fractions. (c) Titration of benzidine 
sulfate. The standard deviation from the mean was + 0.3 
to 1.0 per cent for normal y globulin and all 8, lipopro- 
tein samples, but less than + 0.5 per cent for cirrhotic 
¥ globulin and all total protein and albumin samples. 

Considering the above factors, the resultant standard 
deviation from the mean of values for half-life was de- 
termined to be + 1 to 2 per cent for all protein fractions 
following oral cystine administration. After S-labeled 
plasma infusions, this standard deviation was +6 per 
cent for 8, lipoprotein and + 2.5 to 3.5 per cent for all 
other fractions. The law of least squares was applied to 
determine the trend of the experimental points whenever 
a straight line was drawn for a half-life calculation. 


RESULTS 


Multiple plasma protein fractions were studied 
in seven normal and five cirrhotic subjects fed S*°- 
labeled cystine, and in three normal and _ three 
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cirrhotic patients infused with S*°-labeled plasma. 
Summary data concerning the form of isotope ad- 
ministered, dosage, and gross fecal and urine ex- 
cretion in the various subjects are presented in 
Table II. The S** label was excreted mainly in 
the urine; large proportions were lost during the 
first two to three days, after which excretion 
gradually diminished but continued for many 
weeks (Figure 2). The proportion of total oral 
dose of isotope present at 24 hours in the rapidly 
circulating total plasma proteins?* was: for sub- 
ject 3, 4.1 per cent ; for subject 5, 5.0 per cent; and 
for subject 9, 6.7 per cent. 


General form of isotope curve 
Although the form of the isotope concentration 
curves of the plasma protein fractions studied was 


4, LIPOPROTEIN 
SUBJECT 9 
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Curve 2: SrraigHt Line DRAWN THROUGH EXPERI- 
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Curve 3: EXPONENTIAL COMPONENT OBTAINED 
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Curve 4: Fast ExpoNneENTIAL COMPONENT OBTAINED 
BY GRAPHIC SUBTRACTION OF CURVE 3 FROM INITIAL 
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SLow 


22 Those contained in the plasma space, as defined with 
Evans blue dye. 
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found to be similar to that previously described by 
others (29-31), certain consistent differences be- 
tween specific fractions were noted. The plot of 
the log of specific activity of the sulfur against 
time for each protein fraction could be divided 
into the three general phases shown in Figure 3: 
Phase I—Formation and release of labeled plasma 


proteins into the vascular system. Following oral 
administration of S*°-labeled cystine, the duration 
of this phase varied from 16 to 22 hours. This 
phase was absent following the intravenous ad- 
ministration of labeled plasma. I1— 
Equilibration and dilution of labeled plasma pro- 
teins with unlabeled proteins of the body's fluid 


Phase 


ORGANIC SULFUR POOL 





a-KETO-y-METHIOLBUTYRIC ACID 


METHIONINE SULFOXIDE 
HS 


CYSTATHIONINE 


PANTOTHENYL CYSTEINE —® PANTOTHEINE —®COENZYME A 


MERCAPTURIC ACID 


SULFATE 


CYSTEINE CYSTEIC 


+ cysteine —SULFINIC ACID? acip. > TAURINE 


HOMOCYSTINE 
HOMOCYSTEIC ACID 
B- THIOL PYRU 


PROTEINS 


a 


SULFOPYRUVIC 
ACID 


CYSTINE 


~N 
VIC ACID, 


CYSTINE 
OISULFOXIDE 


FIGURE 6 
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FIGURE 7 


pools. Metabolic degradations of course occur si- 
multaneously throughout this period, which has 
been analyzed by Forker and Chaikoff (32), 
Schoenberger, Kroll, Sakamoto, and Kark (33) 
and Berson, Yalow, Schreiber, and Post (34). 
Phase II varied in duration from one to eight 
days, in most cases being of two to four days’ 
length. Phase IlI]—Metabolic degradation of 
labeled plasma proteins. Differences between pro- 
tein fractions in curve shape appeared in Phase 
III. For albumin, a steady exponential decline 
of specific activity was found in all subjects for 
the total duration of observation in Phase III 
(Curve B, Figure 3, Curve A in Figure 7). In 
contrast, for both beta-1 lipoprotein and fibrinogen, 
a semi-log plot of data in Phase III seemed to as- 
sume the shape of an exponential binomial curve 
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(Curve A, Figure 3; Curve 1, Figure 4), which 
could be resolved arbitrarily into two exponential 
components by graphic analysis (Curves 3 and 4, 
Figure 4). However, in all observations on 
fibrinogen and beta-1 lipoprotein fractions a 
straight line could reasonably be drawn through 
experimental points obtained during the period 
4 to 11 days after isotope administration; there- 
after, specific activity more slowly declined. The 
plotted data for Phase III of the Cohn Fraction 
I + III exhibited a steady exponential loss of iso- 
tope in all cases studied; the duration of these 
observations was, however, much more limited 
(Table VII). A semi-log plot of the total serum 
protein specific activity for Phase III usually ap- 
peared as a straight line, in spite of the fact that 
the curve reflected the varied metabolism of mul- 
tiple protein components ; in many instances there 
appeared to be a greater delay (up to 8 to 12 days) 
in reaching a constant slope than occurred with 
albumin (1 to 4 days). 

With few exceptions, the data plotted for 
gamma globulins after oral administration of S*°- 
labeled cystine exhibited a marked delay (often 
10 to 14 days) before appreciable decrease of 
specific activity began. Thereafter, a steady ex- 
ponential loss of isotope occurred. Thus, in this 
group of subjects, when the duration of observa- 
tions was less than 14 days, little apparent turn- 
over was observed (Table VIII). This was evi- 
dent in spite of the fact that this fraction appeared 
maximally labeled within 24 hours of isotope 
administration. In contrast, subjects receiving 
donor-labeled plasma exhibited no unusual delay 
before showing a uniform decline of isotope in this 
component. The characteristic isotope die-away 
curves for the various plasma protein fractions are 
illustrated in Figure 5 by representative data 
plots obtained in a single subject for each method 
of S** administration. 


Urinary S*° excretion 


Urinary excretion of radioactive sulfur was fol- 
lowed for 40 days in three subjects (7, 8, and 17) 
receiving oral S*°-labeled 1-cystine, according to 
the general plan of Berson, Yalow, Schreiber, and 
Post (34). Ina typical set of data, relating per 
cent of isotope dose excreted to per cent of ad- 
ministered isotope retained (Figure 2), a uniform 
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TABLE III 
Characterization beta-1 lipoprotein fraction 








Chemical analysis 
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Normals 
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Reference values 

Oncley, Gurd, and 
Melin (9) 

Armstrong, Budka, —3.9 to —4.3 
and Morrison (61) 

Russ, Eder, and 
Barr (10) 

Gofman, Jones, 3-8 
Lindgren, Lyon, (26°C.) 
Elliott, and 
Strisower (11) 





* Obtained by the directions of Oncley, Gurd, and Melin (9). 


TABLE IV 
Albumin turn-over * 








Apparent half-life 


[1st Total 
Method Albumin Total slowest duration 


S35 Plasma conc. plasma compo- observa- 
adminis- “ Weight volume gm./100 ml. albumin gm./Kg. S35 nent tions 
tration Subject Kg. ml, serum gm. body wt. tydays ty days days 





Normal subjects 


68 4,120 4.05¢° 166.9 
84 2,632 3.95° 104.0 
77.3 3,068 4.46° 136.8 
70 2,667 4.18° 113.5 
70.5 3,922 4.54° 178.1 
74.1 3,489 4.15¢ 144.8 
86 4,762 4.38¢ 208.6 


73.6 3,388 4.16° 140.9 
61.4 3,041 4.54° 138.1 
100 4,808 4.75° 228.4 


Cirrhosis 


Oral 58 3,589 3.49¢ 125.3 
S* 52 4,356 2.64° 115.0 
Cystine 91.5 3,840 3.20° 122.9 


IV 80 5,910 2.83¢ 167.3 
S* 58.5 4,124 2.88° 118.8 
Plasma 61.5 4,098 2.89° 118.4 





25.8 
44,3 
23.4 
26.7 
27.4 
27.4 
38.8 


16.6 
22.3 
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*e = free electrophoretic determination; c = chemical determination. 
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TABLE V 


Fibrinogen turn-over 








Method 
isotope 
adminis- 
tration 


Subject 


Apparent half-life, 
Graphic analysis No. 1* 





Determined ty components, 
Fibrinogen Period ty Graphic analysis No. 2t 
conc. calc. days 
mg./100 ml. after intake Fast ty Slow ty 
plasma ty days isotope days days 








Normal subjects 





Oral 
Se 
Cystine 


<— 5. 5-12 
293 ; 5-12 
279 , 4-14 
286 ‘ 4-17 
269 : 4-14 


Pe Go ee 
“aAonunt 





IV 
Ss 
Plasma 


COD | COnNnw 


—" 


—_ . 4-14 
251 . 4-11 
276 3. 4-12 


my 
a | 





Cirrhosis 





Oral 
S% 


Cystine 


14 
17 


245 : 4-17 . . 39 





IV 
Ss 
Plasma 


15 
16 
18 


— ; 4-14 — 14 
251 J 4-11 ‘ 31. 29 
357 . 5-15 ; . 35 





* As per Curve 2 of Figure 4. 
t As per Curves 3 and 4 of Figure 4; approximately 80 to 85 per cent contribution by fast component when extrapo- 
lated to zero time. 


TABLE VI 


B; lipoprotein turn-over 








Method 
isotope 
adminis- 
tration 


Subject 


Apparent half-life, 
Graphic analysis No. 1* 
B: lipo- Determined ty components, Total 
protein Period ty Graphic analysis No. 2t duration 
conc. calc. days observa- 
mg./100 ml. after intake Fast ty Slow ty tions 
serum ty days isotope days days days 











Normal subjects 





Oral 
sx 
Cystine 


3-8 
5-12 . 
4-17 
4-14 
5-11 


330 
250 
300 


— Wh CO 
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IV 
S35 
Plasma 


Conf | COnnw 


— 


4-14 
4-16 
4-10 


170 
150 
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Oral 
ss 


Cystine 


17 


6-14 





IV 
Ss 
Plasma 


15 
16 
18 


2-11 11 
5-11 : , 29 
4-12 é F 35 





* As per Curve 2 of Figure 4. 
¢ As per Curves 3 and 4 of Figure 4; approximately 80 to 85 per cent contribution by fast component when extrapo- 
lated to zero time. 
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TABLE VII 
Turn-over Cohn. I+-III fraction * 








Oral S* cystine 


Period ty 
calc, days 
following 
intake 
ty days isotope 


Normal subjects 


2 2-9 9 
8 2-11 11 


Cirrhosis 





Total 
duration 
observa- 

tions 


Subject days 








6. 
7. 








11 11. 11 
12 8. 9 
13 10. 11 





* About 60 per cent of this fraction is 8, lipoprotein. 


daily per cent excretion of isotope was not ob- 
served. This would seem expected inasmuch as 
urinary excretion of isotope should reflect the 
widely differing rates of catabolism of many va- 
rieties of body proteins labeled by S** cystine, as 
well as reutilization of isotope among all com- 
pounds of the body’s organic sulfur pool. Since 
the amount of isotope administered by the in- 
fusion of labeled plasma was small, it did not seem 
possible to study accurately S** excretion over a 
similarly prolonged period in these cases. 


TABLE VIII 
Turn-over gamma globulins * 








Total 
duration 
observa- 

tions 

days 


Concen- 
tration 
¥ globulins 
gm./100 
ml, serum 


Method 
isotope 
adminis- 
tration 


Apparent 
half-life 
ty days 


Normal subjects 


Subject 








Oral 
S35 
Cystine 


“IO ON 
eos a 
Ce) 





IV 
S35 
Plasma 


escs|sscerr 
R= 
oe 


Won 


Sar] ConweE 
e 





Cirrhosis 


Oral 150 
Ss 130 
Cystine 51 
151 

31 





mh 


ee Ser 
eere 





te 
= 


IV 40 
ss 


Plasma 51 2.47° 





*c = chemical determination (36); e = free electropho- 
retic determination. 


Turn-over data, various protein fractions 


From the summary of turn-over data for albu- 
min in Tables IV and X, it appears that the ap- 
parent turn-over time is slightly shorter for nor- 
mal subjects infused with S**-labeled plasma than 
for those fed S**-labeled cystine. No clear differ- 
ences between the S* data for normal subjects 
and patients with cirrhosis are observed. 

The turn-over curves for I**-labeled albumin 
indicated the presence of components of varying 
half-times, similar to the observations of Berson, 


TABLE IX 
Turn-over serum total proteins 








Total 
protein 
conc, 
gm./100 
ml, serum 


Period ty 

calc. days 

following 
intake 
isotope 


Total 
duration 
observa- 

tions 

days 


Method 
isotope 
adminis- 
tration 


Apparent 
half-life 


Subject days 





Normal subjects 


Oral 7.48 
Ss 7.57 
Cystine 7.15 
7.39 
7.91 
6.91 


IV 7.27 


S35 
Plasma 7.52 





14.4 
30.1 
20.4 
23.5 
23.8 
38.8 


12.7 
23.5 








Cirrhosis 


Oral f 20.0 3-11 

Ss ' 17.7 - 

Cystine 2 24.4 1.5-11 
26.8 - 
36.3 4-39 


IV . 30.8 7-14 


S35 
Plasma 12-35 








30.0 





Yalow, Schreiber, and Post (34). In each sub- 
ject, the slowest component observed after 8 to 14 
days, yielded a half-life value of the same range 
as reported by Berson, Yalow, Schreiber, and 
Post for “satisfactorily” iodinated albumins. 
Early high urinary excretion of I*** reflected the 
presence of rapidly degraded components in the 
injected albumin preparation (Table II). 

In fibrinogen and beta-1 lipoprotein fractions, 
as with albumin, there appeared to be a somewhat 
longer apparent half-life in subjects fed labeled 
amino acid precursor as compared with values ob- 
tained following injection of S**-labeled plasma 
(Tables V and VI). The data suggest a slightly 
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TABLE X 
Published biosynthetic turn-over data, human plasma proteins 








Half-life (ty) in days 





Number Total 
subjects protein 


Albumin lins 


Cohn 
I+IlI 
fraction 


a+Bs Bi 
globu- lipo- Fibrin- 


¥ 
proteins ogen globulins 





Normal subjects 





Oral 
N® 
Glycine 


IV S® 
dl-methionine 


London 7, 9* 


Kinsell 19 
et al. 


Madden 44 
and Gould 


9.2¢ 


Or | S® 3 
Yeast protein (? normal) 


45,48 Oral S* 5 
Yeast protein 

IV S* 

l-methionine 


Oral S*® 
l-methionine 


Armstrong 
et al. 


Niklas and 64 
Poliwoda 


Niklas and 64 
Poliwoda 


22%t 


23-415t 
median 
32 


Oral S®* 
Cystine 


14-39 
median 
23.5 


Volwiler 
et al. 


IV S* 
Normal plasma 


Volwiler 
et al. 


13, 24*t 17, 22, 26 


20* 18, 19* 


4.3, 5.0, 7.0 


26-48 


60 


55 


23-44 
median 
27.4 6.1 6.7 


6.2,7.8 3-7 48, 49, 85§ 


5.6-8.0 
median i 


median 


2.9,3.0,3.8 3.4,3.7,4.2 20,25, 35 





Cirrhosis 





Oral 
Ni 
Glycine 


This Oral S* 
paper Cystine 


London 


Volwiler 
et al. 


median 
24.4 


This IV S® 
paper Normal plasma 


Volwiler 
et al. 


18-36°t 22, 25,63 


30, 31°¢ 23, 25, 26 


<20* 


8, 10, 11 10 10.7, 10.9 31§ 


3.4, 5.0,6.1 4.0,4.7,5.2 40,51 





* Longer if only points after completion of mixing phase are considered. 
t This figure was obtained by Tarver (31) by replotting the original data. Our replot of Kinsell’s published data 
indicates a much longer half-time if only points after four days following isotope administration are considered (that is, 


after completion of mixing phase). 


s = serum. 
§ Subjects followed longer than 20 days. 


longer turn-over time for beta-1 lipoproteins in 
cirrhosis as compared with the normal state. 
Half-lives obtained for serum total protein were 
considerably longer than reported for plasma total 
protein by others (Tables IX and X). The elimi- 
nation through clotting of the rapidly turning- 
over fibrinogen component does not explain fully 
this discrepancy. The chief explanation is that 
these early reports included the usual two- to 
four-day mixing period in the calculation of half- 
life. The vast heterogeneity of molecular species 


and multiple differences between normal and ab- 
normal subjects in specific plasma proteins does 
not invite comparison between normal and cir- 
rhotic subjects for this determination. 

The isolated gamma globulin fractions were 
composed of a continuous spectrum of gamma 
globulins (35). The same protein species were 
perhaps not present in our normal and cirrhotic 
subjects, and increases of total gamma globulin in 
the various cirrhotic patients could have repre- 
sented different qualitative as well as quantitative 
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changes in these species. Therefore, as with total 
serum proteins, there is very limited value in com- 
paring the half-life values between normal and 
cirrhotic subjects. For reasons mentioned, only 
gamma globulin values obtained following trans- 
fusion of donor-labeled plasma are considered 
significant (Table VIII). 


DISCUSSION 
The organic sulfur pool 


Radioactive sulfur introduced in the form of 
l-cystine or tagged plasma protein containing S*°- 
labeled cystine may be expected to follow a distri- 
bution in the body’s organic sulfur pool according 
to the pathways shown in Figure 6. This diagram 
points out the possible advantage of labeling less 
of the total pool by using tagged I-cystine as com- 
pared to the total labeling which would result from 
introducing S* in l-methionine. 


Basic general assumptions 


Three assumptions are made in interpreting 
these turn-over data: 1) All of the radioactive 


sulfur in the isolated protein fractions is tightly 
incorporated into the protein molecules as 1-cystine 


or 1-cysteine by peptide linkage. Evidence that 
circulating S**, within a few hours following 
its introduction into the body as cystine or methi- 
onine, exists firmly chemically-bound in plasma 
proteins has been previously furnished by both 
Tarver and Reinhardt (37) and Lee, Anderson, 
Miller, and Williams (38) ; mercaptoethanol treat- 
ment of the total serum proteins of one subject, ac- 
cording to the methods described by Lee, Ander- 
son, Miller, and Williams (38) and by Peterson and 
Greenberg (39), did not disclose appreciable loose 
attachment of extra S**-labeled cystine to circu- 
lating protein by disulfide linkage (Graph A, Fig- 
ure 2). It has been generally assumed that all 
sulfur present in plasma protein molecules exists 
in the form of cystine, cysteine, or methionine 
residues attached by peptide bonds. However, 
other types of firm binding are possible: Studies 
in vitro by Schéberl (40) have shown that sulfur 
can be introduced into proteins by attachment of a 
sulfhydryl group onto the e-amino nitrogen of 
lysine through action of polythioglycolide; and 
recently, the presence of a firm sulfate radical in 
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bovine fibrinogen has been identified by Bettelheim 
(41); 2) The rate of disappearance of the sulfur 
label reflects the rate of disintegration of the whole 
plasma protein molecule. Certainly the manner 
in which plasma proteins are catabolized is at 
present unknown. Evidence indicating that, while 
circulating, certain plasma proteins do not ex- 
change their amino acid residues has been pre- 
sented by Humphrey and McFarlane (42); 3) 
The rates of synthesis and degradation are equal 
for a plasma protein. This seems probable since 
all subjects were in a relatively “steady state,” 
both prior to and during the period of observa- 
tions, with unchanging concentrations of serum 
proteins, regular daily activities, relatively con- 
stant high protein diet, and stationary state of 
the liver disease if present. 


Errors of half-life determination 


It is difficult to explain adequately the wide vari- 
ation in apparent half-lives within specific frac- 
tions as obtained with S**. Aside from normal 
expectation of biologic variation, errors and limi- 
tations of the laboratory techniques must be scru- 
tinized. Random errors of this type could result 
in the scattering of small groups of plotted points 
so as to falsely orient the isotope die-away curve. 
The likely magnitude of this error was found 
small, there being little possible variation in choice 
as to slope of the isotope curve. An additional 
unassessed influence is the variation between indi- 
vidual subjects in the homogeneity of any specific 
plasma protein fraction isolated. Even relatively 
small amounts of protein contaminant having a 
markedly different half-life could significantly 
alter the values for the major component. Dif- 
ferences in physical and chemical properties, and 
concentrations of the various plasma protein com- 
ponents in both normal and abnormal sera might 
be expected to influence the reproducibility of the 
fractionation procedures employed. In a single 
subject, ultracentrifugal and electrophoretic analy- 
ses of a fraction isolated at different intervals fol- 
lowing isotope administration showed reproducible 
though not always absolute homogeneity. How- 
ever, even if a fraction were homogeneous by these 
criteria there is still the possibility of different 
molecular species being present in the protein. 

Following oral administration of S**-labeled 
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cystine, an error of unknown degree in prolong- 
ing the apparent half-life of plasma proteins may 
result from reutilization of isotope contributed to 
the body’s organic sulfur pool by the catabolism of 
these and other labeled body proteins. The ex- 
periments in transfusing normal donor-labeled S**- 
labeled plasma were carried out to appraise this 
problem. Even here, some reutilization by the 
more slowly turning-over fractions of the isotope 
contributed by the rapidly catabolized plasma pro- 
teins seems possible. This would seem particu- 
larly likely if the principal cellular site of destruc- 
tion of the more rapid turning-over components 
were identical with the site of synthesis of other 
fractions. Slightly shorter half-times for fractions 
studied after plasma transfusion as compared with 
half-times of corresponding fractions measured 
after administering cystine suggests that isotope 
reutilization may produce error in prolonging the 
apparent rate of loss of isotope; a further accumu- 
lation of data has therefore reversed our previous 
opinion of this problem (43). Variation between 
subjects in degrees of isotope reutilization could 
account for differences in various half-lives. None 
of our subjects received during study supplements 
of non-labeled sulfur amino acids beyond these 
amounts contained in the usual high-protein diet. 
Though, logically, a further such flooding of the 
organic sulfur pool with non-labeled compounds 
should cause appreciable dilution of the labeled 
amino acids and thereby limit reutilization of iso- 
tope during synthesis of plasma proteins, con- 
clusive data on this point have not yet been pub- 
lished. Indeed, the small amount of negative data 
from experiments in which supplementary non- 
labeled 1-methionine or 1-cystine was administered 
(presented by Madden and Gould [44], by Arm- 
strong, McLeod, Wolter, and Kukral [45], and 
obtained in two pilot experiments on dogs by us) 
raises considerable doubt as to whether such in- 
fluence would be of any real importance in these 
determinations. 


Comparison of S* with I*** labeling 


Using S** labeling, the turn-over time obtained 
for albumin by either of the two biosynthetic meth- 
ods was much longer in two of the three sub- 
jects compared than determined by injecting I**?- 
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labeled albumin ** (Table IV). Our half-times 
for iodinated albumin lie within the lower portion 
of the range found by Berson, Yalow, Schreiber, 
and Post (34) employing iodinating albumin tech- 
niques considered most satisfactory. In our ex- 
periments also, urinary I*** excretion rates agreed 
in general with plasma I*** disappearance, and re- 
flected a changing exponential rate of I'** discard 
(Figure 7). As noted by Berson, Yalow, 
Schreiber, and Post, the isotope disappearance 
curves of our I**?-labeled albumin also showed in 
each subject the presence of components rapidly 
losing the iodine label. The plotted data for 
plasma eventually assumed a steady exponential 
rate of isotope loss; ** this slowest component has 
been selected as the half-time for iodinated albumin 
herein reported (Table IV). Even greater dif- 
ferences have been noted between the half-times 
of S** and I***-labeled gamma globulins; the S** 
turn-over values observed in our laboratory and 
those obtained by Armstrong and co-workers (45, 
48) are considerably longer than reported (48-53) 
for I***-labeled human gamma globulin. Three 
explanations for this discrepancy in exponential 
rates are possible: (a) Proteins may be partially 
denatured by the iodinating techniques employed ; 
(b) Introduction of the iodine atom may alter 
physical and biologic properties of native protein ; 
and (c) Reutilization of S** following biosynthetic 
labeling causes lengthening of apparent turn-over 
time. 

Considerable evidence has accumulated to indi- 
cate that in vitro iodination of proteins may have 
a variable effect upon physical characteristics and 
biologic properties with considerable shortening 
of life-span: Berson, Yalow, Schreiber, and Post 
(34) have shown that turn-over times for iodi- 
nated human albumin may vary according to the 


28 Margen and Tarver (46, 47) have also noted in the 
same normal subject shorter turn-over times for I*- 
labeled albumin than obtained for S-labeled albumin; 
S* turn-over was measured both after administration of 
S-labeled amino acids and following intravenous injec- 


tion of donor-labeled S* albumin. Slowest components 
of the iodinated albumin preparations gave half-time 
values of 17 to 25 days, as compared with 24 to 30 days 
for intravenously administered S*-labeled albumin and 
36 to 60 + days for S*-labeled albumin following intra- 
venous administration of S*-labeled amino acids. 

24 Following the eighth day for subject 9, but after 
the twentieth day in subjects 10 and 18. 
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particular chemical iodinating technique employed. 
Berson’s data and ours demonstrate the non-uni- 
form rate of I?** disappearance usually observed 
following the injection of iodinated albumin. 
Gabrieli, Goulian, Kinersly, and Collet (54) have 
demonstrated electrophoretic non-homogeneity of 
certain iodinated albumins. Iodination of growth 
hormone (55) or of insulin (56) may alter 
physiologic activity of these proteins; in addition, 
the possible influence of radiation denaturation 
from I?*4 has been mentioned (57). Whether 
intravenous transfer of biosynthetically labeled 
plasma proteins will allow more accurate deter- 
mination of biologic life span than will present-day 
in vitro chemical labeling techniques has not yet 
been determined. 


Interpretation of fibrinogen, beta-1 lipoprotein and 
gamma globulin turn-over curves 


The interpretation of the turn-over curves for 
8, lipoprotein and fibrinogen is particularly diffi- 
cult and uncertain. At least four explanations for 
the changing rate of isotope discard must be con- 
sidered: (a) Re-introduction of isotope label. 


Since these appear to be very rapidly turning-over 
proteins with respect to the S** label, reintroduc- 
tion of discarded isotope could occur to a greater 
degree than found in the more slowly metabolized 
plasma proteins. The degree of reutilization might 
be much greater than in other fractions if a prin- 
cipal site of catabolism of these or other highly- 
labeled proteins were identical with the locus of 
synthesis of fibrinogen and beta-1 lipoprotein. 
(b) Non-homogeneity of protein fraction, contain- 
ing components of differing turn-over rates. Pre- 
sumably this beta-1 lipoprotein fraction is not a 
homogeneous molecular species (11, 58), while 
the fibrinogen fractions appraised were non-homo- 
geneous electrophoretically and by clottability. 
(c) Localized variations in metabolic rates. Dif- 
ferent metabolic sites may have different rates of 
synthesis and degradation of a specific protein or 
exchange varying quantities of cystine residues 
and at different positions in the protein molecule. 
In the rat, the data of Miller, Bale, and Bly (59, 
60) indicate principal hepatic origin of plasma 
proteins other than gamma globulin. (d) Pro- 
longed and inefficient mixing of labeled proteins 
among various body fluid compartments. Evi- 
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dence from various sources is accumulating to in- 
dicate that the different plasma protein-containing 
fluid compartments of the body vary in their 
efficiency and speed of equilibration with circu- 
lating plasma. In addition, the possibility exists 
that different plasma proteins do not equilibrate 
among these fluid pools at the same rate. 

Although these various influences cannot be 
individually assessed, the error from reintroduc- 
ticn of isotope appears important and increases 
proportionately with time; therefore, the slope 
of the straight-line early portion of Phase III (4 
to 12-day period) of the curve of decline in 
specific activity has been chosen as the apparent 
half-time to be reported herein for each of these 
two fractions (Tables V and VI). 

For the purposes of describing the general 
character of the isotope die-away curves for fibri- 
nogen and beta-1 lipoprotein samples, these curves 
have been analyzed graphically and found to be 
resolvable into a 2-component exponential system 
(Figure 4). This type of mathematical analysis 
has become well established for describing cer- 
tain varieties of biological systems as studied with 
isotopic tracers (62, 63). In the present experi- 
ments, the biochemical system is so complex that 
the meaning of such derived constants is unknown. 
Presumably each derived constant is actually com- 
posed of a family of varying exponential rates de- 
scribing the various types of isotope transfer 
within the body’s organic sulfur pool. Neither of 
these constants can be assumed to represent the 
exact turn-over rate of a protein. However, in 
the experiments in which transfused labeled plasma 
was administered, reutilization of isotope appears 
to have minimal influence upon the complexity 
of this system, and it is therefore suggested that 
the fast derived component may approach the true 
rate of discard of S** from the principal protein 
species. Also, in the plasma transfer experiments, 
the slow derived constant may reflect chiefly the 
rate of turn-over of a contaminating slower catab- 
olizing protein. 

In considering the isotope curves for gamma 
globulins of subjects receiving oral S**-labeled 
cystine, the strikingly long delay after maximal 
labeling before appreciable loss of specific activity 
occurred suggests strong influence of either selec- 
tive reutilization of isotope or delay in distribu- 
tion into plasma of newly-formed, highly-labeled 
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gamma globulin components. Therefore, for this 
fraction, values obtained after transfusion of la- 
beled plasma seem far more significant. 


Comparison of turn-over data between normal and 
cirrhotic subjects 


It is of particular interest to note that the total 
mass of circulating plasma albumin in the patients 
with cirrhosis having low albumin concentrations 
was within the range of values found for normal 
subjects (Table IV). Presumably this reflects 
dilution of circulating albumin by increase in 
plasma volume related, in part, to expansion of 
collateral portal venous circulation. Of greater 
accuracy in such comparison would have been ac- 
tual determination of Total Exchangeable Albu- 
min; in edema-free subjects (normals and cir- 
rhotics), the total amount of extravascular albu- 
min was found by Berson, Yalow, Schreiber, and 
Post (34) to be surprisingly constant among vari- 
ous individuals, and averaged 60 per cent of the 
body’s total albumin mass. 

Our results with S** for albumin turn-over sug- 
gest that patients with advanced portal cirrhosis 


having low plasma albumin concentrations may 
have a normal rate of albumin synthesis and 


catabolism. In some, this is understandable in- 
asmuch as the determined total circulating plasma 
albumin mass may actually lie within normal lim- 
its. In those subjects having smaller than nor- 
mal albumin pools, it could be suggested that the 
damaged liver’s albumin-synthesizing machinery 
was simply smaller and therefore its daily total 
production is less; to maintain constant size of 
the body’s albumin pool, daily albumin catabolism 
would then also need to decrease proportionately. 

The difficulty of determining if there are dif- 
ferences from the normal in life-span of various 
molecular species in advanced cirrhosis is in- 
creased by the apparent spread of half-time val- 
ues of the various fractions in each group of 
subjects. Certainly, metabolically significant al- 
terations of half-lives could exist in diseased states 
which would fall within such a wide spread of val- 
ues for the normal, therefore remaining unde- 
tected. Only very gross discrepancies in biologic 
life span would be recognized under these condi- 
tions. The small number of biosynthetically- 
determined life spans of the various plasma pro- 
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teins accumulated in normal subjects and in pa- 
tients with cirrhosis (Table X) does not permit 
final statements of clear comparison. 


SUMMARY 


1. An attempt has been made to measure turn- 
over times in normal and cirrhotic human sub- 
jects for total serum proteins, . umin, £, lipo- 
protein, fibrinogen, and gamma globulins, using 
oral S** cystine and infused S**-labeled normal 
plasma. 

2. The plasma protein fractions analyzed were 
isolated by means of differential solubility, selec- 
tive ion-binding, and ultracentrifugal flotation. 

3. Accurate determination of exact rates of 
plasma protein synthesis and degradation have not 
been possible with these techniques. Mixing 
times, delays in return of protein or isotope to the 
circulating plasma, reutilization of isotope, and 
other numerous complexities of the biochemical 
system are such that the specific activity die-away 
curves obtained cannot be accepted as representing 
the true degradation rate of the protein fraction at 
any time in the experiments. 

4. Transfused labeled plasma protein yielded 
shorter apparent turnover times than were ob- 
tained following oral administration of the labeled 
amino acid. This supports the conclusion that 
reutilization of isotope liberated from the catabo- 
lism of labeled body proteins does introduce an 
appreciable error of apparent lengthening of the 
t'4 times. Since this error would seem minimal 
for those experiments in which intravenous trans- 
fer of donor-labeled plasma protein was accom- 
plished, it is believed that the t%4 values obtained 
by this means may approach the true turn-over 
rates of the various isolated plasma protein frac- 
tions. 

5. Fibrinogen and 8, lipoprotein appear to be 
very much more rapid in turn-over with respect 
to the sulfur label than do albumin, gamma globu- 
lins or total serum proteins. After transfusing 
labeled plasma, apparent half-life values in the 
normal subject for fibrinogen and £, lipoprotein 
averaged 3.5 days as compared with a median of 
21.5 days for albumin and 25 days for gamma 
globulins. 

6. Comparison in the same subject of “turn- 
over” of chemically iodinated albumin with “turn- 
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over” of biosynthetically sulfur-labeled albumin 
demonstrated a variety of populations of iodinated 
albumin molecules having differing rates of catabo- 
lism; this suggested partial denaturation of albu- 
min by the iodinating method. Those albumin 
components slowest in rate of discard of I*** gave 
an apparent half-life slightly shorter than was ob- 
tained with S* labeling. 

7. Variation in apparent half-life rendered com- 
parison difficult between normal and cirrhotic 
subjects. 8, lipoproteins appeared to have a 
slightly longer biologic life-span in the cirrhotic, 
whereas no gross differences were noted for al- 
bumin, fibrinogen or total serum proteins. Data 
on gamma globulins were insufficient for compari- 
son. 
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APPENDIX 


Details of patients with cirrhosis 


Case 11, E.N.: Male Age 69, KCH 68870, Studied 
June, 1951. Epidemic viral hepatitis 1925. Non-alco- 
holic. Admitted KCH May, 1950 for massive upper 
gastro-intestinal hemorrhage. Initially, clinical criteria 
of cirrhosis absent. Surgical exploration revealed cir- 
rhosis, portal hypertension, esophageal varices; splenic 
artery ligated. Hemorrhage recurred followed by as- 
cites. After improvement, direct porta-caval shunt ac- 
complished September, 1950; thereafter continuously 
hospitalized in chronic disease unit, where study was 
conducted. 

Case 12, P.V.: Male, Age 58, KCH 118138, Studied 
June, 1951. Moderate wine intake for many years. In 
1949 noted abdominal swelling. First KCH admission 
June, 1950 with spider angiomata, marked hepatic dys- 
function. Needle liver biopsy March, 1951: advanced 
portal cirrhosis. Second KCH admission May, 1951 
for anorexia and jaundice; following convalescence in 
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chronic disease unit, transferred to Metabolic Research 
Ward. \ 

Case 13, F.E.: Male, Age 51, KCH 274770, Studied 
January, 1952. Bar-tender with moderate, steady al- 
cohol intake for many years. Jaundice in October, 1950. 
In December, 1950, onset of ascites requiring two para- 
centeses. First KCH admission February, 1951 with 
ascites, right hydrothorax, peripheral edema, hepatome- 
galy. Following interval care in Out-Patient Gastroin- 
testinal Clinic, readmitted December, 1951 with ascites, 
right hydrothorax, peripheral edema, hepatomegaly, 
splenomegaly. After diuresis, transferred to Metabolic 
Research Ward for study. 

Case 14, H.H.: Male, Age 48, KCH 234187, Studied 
April, 1953. Prolonged, large intake of alcohol, es- 
pecially after 1943. First jaundiced 1937. Hospitalized in 
Minneapolis, Minn. 1946 for jaundice. In 1949, prolonged 
hospitalization in University Hospitals, Iowa City, Iowa 
with findings of jaundice, spider angiomata, peripheral 
edema, hepatomegaly. Liver biopsy : portal cirrhosis. First 
KCH admission November, 1952 with findings of spider 
angiomata, hepatomegaly, splenomegaly, ascites; follow- 
ing prolonged convalescence in chronic disease unit, 
transferred to Metabolic Research Ward. 

Case 15, A.K.: Male, Age 52, KCH 303167, Studied 
June, 1953. Large alcoholic consumption for 30 years. 
In 1952 noted gradual abdominal swelling. Admitted 
KCH March, 1953 with jaundice, ascites, right hydro- 
thorax, peripheral edema, spider angiomata, hepatomegaly, 
splenomegaly. After convalescence in chronic disease 
unit, transferred to Metabolic Research Ward. 

Case 16, R.L.: Femaie, Age 40, KCH 301438, Studied 
October, 1953. Large alcohol intake for 10 years. Hos- 
pitalized 1952 for nausea, anorexia, hepatomegaly. First 
admitted KCH January 1953 with delirium tremens; 
findings included menorrhagia, jaundice, hepatomegaly, 
spider angiomata, ascites. Readmitted KCH September, 
1953 with ascites, edema, hepatomegaly, splenomegaly. 
Convalescence continued in chronic disease unit, from 
which patient was transferred to Metabolic Research 
Ward. 

Case 17, W.H.: Male, Age 51, KCH 223754, Studied 
January, 1954. Large alcohol intake for 15 years. Re- 
curring jaundice 8 years. Five KCH admissions be- 
tween 1948 and 1953 for jaundice, delirium tremens, 
edema, hepatic coma. Continuously hospitalized after 
September, 1953 with transfer from chronic disease unit 
to Metabolic Research Ward. 

Case 18, C.S.: Male, Age 40, KCH 263080, Studied 
May, 1954. Merchant seaman with steady alcohol in- 
take since age 19, increased after age 27. First jaundice 
1948. Entered Marine Hospital, Seattle, 1949 with 
jaundice; diagnosis of portal cirrhosis made. First KCH 
admission 1951 with jaundice, ascites, peripheral edema, 
and hepatomegaly. Needle liver biopsy on admission: 
subacute fatty cirrhosis. Repeat biopsy four weeks later; 
satisfactory parenchymal repair, considerable fibrosis. 
Readmitted to KCH January, 1954, with recurrent as- 
cites, jaundice, upper gastro-intestinal hemorrhage of 
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undetermined source; following prolonged convalescence 
in chronic disease unit, transferred to Metabolic Re- 
search Ward. 
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In 1862, Austin Flint (1) found that cholesterol 
accumulated in the blood in obstructive jaundice. 
Fifty years later Widal, Weill, and Laudat (2) 
pointed out that the hypercholesterolemia of ob- 
structive jaundice is due in large measure to in- 
crease in serum free cholesterol in contradistinc- 
tion to that of nephrosis, where both free and 
esterified cholesterol are greater than normal. 
More recently (3-5) it has been shown that 
plasma phospholipid increases even more than 
cholesterol, so that the ratio of total cholesterol 
to phospholipid is appreciably less than normal. 

The serum lipoproteins have also been meas- 
ured in patients with liver disease. Pierce and 


Gofman (6) examined the sera of thirty-two 


patients with cirrhosis and found levels of the S¢ 
10-20 class slightly higher than normal. They 
also studied forty-eight cases of acute hepatitis 
(7) and found elevations of the S, 0-100 com- 
ponents with the largest increase in the S-, 12-20 
class. The increased concentrations correlated 
most closely with the presence of jaundice and 
tended to decrease when the jaundice subsided. 
McGinley, Jones, and Gofman (8) found a huge 
increase in the Sp 6 and S, 8 groups, with varying 
increase in S-¢ 10-17 in five cases of biliary cir- 
rhosis. By starch zone electrophoresis, Kunkel 
and Slater (9) observed that in biliary cirrhosis 
there was a high peak consisting predominantly 
of phospholipid which had the same relative mo- 
bility as normal beta lipoproteins. The concen- 
tration of alpha lipoproteins was extremely low. 
Snavely, Goldwater, Randolph, and Unglaub (10) 
by ultracentrifugation of whole serum from pa- 

1 These studies have been aided by a grant from the 
U. S. Public Health Service, by support from the Com- 
monwealth Fund and the Albert and Mary Lasker Foun- 
dation, and by gifts from Mrs. Katherine Lilly Conroy. 

2 Present address: State University of New York, 
College of Medicine at New York City, Brooklyn, N. Y. 


tients with acute hepatitis found an increase in 


light aggregates rich in neutral fat and poor in 
ester cholesterol. 

In this present study, plasma proteins in pa- 
tients with liver diseases in which biliary obstruc- 
tion is a prominent or suspected feature were frac- 
tionated by Cohn’s method number 10 and the 
fractions analyzed for protein and lipid constitu- 
ents. In some of the patients, and especially in 
those with acute hepatitis, it was possible to ana- 
lyze the plasma serially during the disappearance 
of jaundice and during the various phases of re- 
covery from the disease. 


SUBJECTS 
The cases studied were classified as follows. 


wae A J Number of cases 
Biliary cirrhosis 


Primary 7 
Secondary 7 
Bile duct obstruction 12 
Acute hepatitis 30 
Portal cirrhosis 36 


The diagnosis of primary biliary cirrhosis was made 
on the basis of the clinical picture. In six of the seven 
patients (Table IIA), exploratory laparotomy revealed 
an appearance of the liver indicating biliary cirrhosis. 
There was no evidence of extrahepatic biliary obstruc- 
tion. In one patient (Yaz), laparotomy was not per- 
formed, but needle biopsy of the liver yielded a specimen 
regarded as histologically typical of biliary cirrhosis. 
The duration of illness varied from six months in Pey 
and Ros, to eight years in Whe and Dor. In Pey, 
xanthomata were not present (perhaps because of the 
short duration of the disease). All of the other patients 
had xanthelasma, and with the exception of Whe had 
developed xanthomata in other areas. All of the pa- 
tients had large livers and spleens. All of them were 
intensely jaundiced and had high concentrations of alka- 
line phosphatase at the time of plasma fractionation. 

The diagnosis of secondary biliary cirrhosis was made 
in five patients with chronic jaundice in whom laparotomy 
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and biopsy of the liver presented a picture compatible 
with biliary cirrhosis but in whom there was also evi- 
dence of extrahepatic biliary obstruction (Table IIB). 
In Kur and Fit the common bile duct had been damaged 
by previous surgery. Sto had a large congenital pan- 
creatic cyst. Although no common duct stone was found 
in Drm and Bro, they were classified as secondary biliary 
cirrhosis because of chronic cholecystitis and the pres- 
ence of stones in the gall-bladder. Duration of symptoms 
was from one and one-quarter years in Drm to eleven 
years in Fit and Sto. Drm, Fit, and Bro had xanthelasma 
but no evidence of xanthomatosis elsewhere. The others 
displayed no cutaneous lipid deposits. Two of the five 
patients (Drm and Fit) were not intensely jaundiced at 
the time of fractionation. All had serum alkaline phos- 
phatase concentrations greater than thirty Bodansky 
units. 

The group designated as bile duct obstruction (Table 
III) consisted of six patients with carcinoma of the pan- 
creas, three with common duct stone, two with metastatic 
carcinoma of the liver, and one who had both hema- 
chromatosis and primary liver cell carcinoma. The 
duration of jaundice varied from one to five weeks. All 
patients were jaundiced at the time that they were stud- 
ied; in Kau and Smi subsequent studies were made fol- 
lowing the relief of obstruction. In these patients, serum 
alkaline phosphatase concentration was elevated, and 
in Kau and Smi decreased along with serum bilirubin 
concentration. 

Patients with acute hepatitis (Table IV) were not 
differentiated as to etiology. Eight of the thirty had 
histories of blood transfusions; none of them had a his- 
tory of exposure to toxic substances. For convenience, 
the date of onset of the disease was arbitrarily defined as 
the day on which jaundice or dark urine was first rec- 
ognized. Since, however, many of the patients had suf- 
fered vague symptoms for some days preceding the ic- 
terus, it was impossible to determine the duration of the 
illness with accuracy. It was thought that, in eleven, 
studies were initiated during the first week; in five, dur- 
ing the second; in twelve, during the third and fourth; 
and in two, still later in the course of the illness. Those 
observed during the first week after onset probably 
represent a random sample of cases of hepatitis admitted 
to the hospital during the period. Those in whom ob- 
servations were initiated at a later time usually had 
persistent icterus. All of the patients with jaundice had 
also elevated levels of serum alkaline phosphatase and 
abnormal cephalin flocculation and thymol turbidity. 
These abnormalities disappeared as the concentration 
of bilirubin decreased. Bat and Dre died within a week 
of onset, and autopsies showed acute massive necrosis 
of the liver. Saz and Ols had less fulminating courses 
and died after day 23 and 83, respectively. All the other 
patients recovered. 

The group of patients with portal cirrhosis (Table V) 
included thirty with progressive hepatic insufficiency, 
peripheral edema, and ascites. All but three of them of- 
fered histories of large alcohol intake. The group also 
included one patient with hemochromatosis and five 
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young women who gave no history of alcoholism but who 
suffered from acne, amenorrhea, recurrent attacks of 
fever, jaundice, and other features of the syndrome de- 
scribed by Bongiovanni and Eisenmenger (11). Several 
of the patients with alcoholic cirrhosis had episodes sug- 
gestive of superimposed obstructive jaundice with marked 
elevation of serum bilirubin and clay-colored stools. This 
was apparent in Rob on 2/20/52 and in Guz on 9/16/53. 
Sko had a hemolytic anemia with high indirect bilirubin 
and greater than normal excretion of urobilinogen in the 
stool. 


METHODS 


Cohn’s method number 10 was used for the chemical 
fractionation of the plasma proteins. Three fractions 
were isolated: IV+V+VI, II, and I+III. Plasma 
and all fractions were analyzed for protein and for cho- 
lesterol by the Bloor method. In some of the cases free 
and total cholesterol, phospholipid, and total lipid carbon 
were determined in unfractionated plasma and in Frac- 
tions IV+V+VIandI+III. Details of the procedure 
of the fractionation of proteins and of the analytic meth- 
ods have been previously described (12). Free and total 
cholesterol were determined by the method of Sperry and 
Schoenheimer as modified by Sperry and Webb (13). 
With very dilute samples it was necessary to concen- 
trate the extracts by evaporation of solvent. 

Paper electrophoresis was carried out by the method 
described in detail in a previous publication (14). 

Ultracentrifugation was carried out in a Spinco model 
L preparative ultracentrifuge. The solvent density of the 
serum was raised to 1.063 by adding to 4 ml. of serum 4 
ml. of NaCl solution containing 181.7 gm. per liter (15). 
Tubes were inverted and then centrifuged at 80,000 times 
gravity for thirteen hours at 15 to 16° C. The top layer 
was removed, using a hypodermic syringe and curved 
needle. The top and bottom layers were analyzed for 
lipid and subjected to electrophoresis on paper. 


RESULTS 


In Tables II to V the results of cholesterol and 
phospholipid analyses of plasma and of the protein 
fractions have been assembled together with values 
for total serum bilirubin and the ratios of free to 
total cholesterol on the plasma. Observations on 
the Sperry-Schoenheimer (13) determinations 
and the free to total ratios of the fractions are pre- 
sented separately in Table VI. 

In order to facilitate comparison, normal values 
and ranges for two age groups have been listed 
in Table 1. For cholesterol by the Sperry-Scho- 
enheimer method, normal values are available only 
for the younger group. In the older age group 
the values would probably be altered in a direction 
similar to that of the cholesterol values by the 
Bloor method (12). 





PROTEIN-LIPID RELATIONSHIPS IN HUMAN PLASMA 


TABLE I 
Normal values of concentration and distribution of protein, cholesterol, and phospholipids in plasma and 


fractions of nor 


young men and women 








Older men 
and women 
aged 45-65 


Young men 
and women 
aged 18-35 





Cholesterol (Bloor) 
Plasma (mg. per 100 ml.) 


Fraction IV+V+VI (mg. per 100 ml.) 
Fraction I+III (mg. per 100 ml.) 


Phospholipid 
Plasma (mg. per 100 ml.) 


Fraction IV+V-+VI (mg. per 100 ml.) 
Fraction I+III (mg. per 100 ml.) 


Cholesterol-phospholipid ratio 
Plasma 


Fraction IV+V+VI 
Fraction I+III 


Ester cholesterol (Sperry-Schoenheimer) 
Plasma (mg. per 100 ml.) 


Fraction IV+V+VI (mg. per 100 ml.) 
Fraction I+III (mg. per 100 ml.) 


Free cholesterol 
Plasma (mg. per 100 ml.) 


Fraction IV+V+VI (mg. per 100 ml.) 
Fraction I+III (mg. per 100 ml.) 


Free/Total cholesterol 
Plasma 


Fraction IV+V+VI 
Fraction I+III 


199 
(126-276) 
58 
(39-93) 
134 
(47-228) 


261 
(171-354) 
54 
(32-80) 
187 
(95-294) 


228 270 
(148-287) (202-327) 
113 102 


(73-164) (75-140) 
106 155 
(46-157) (74-244) 


0.87 1.00 
(0.62-1.20) 
0.51 
(0.32-0.64) 
1.26 


(0.79-1.18) 
0.51 
(0.35-0.61) 
1.38 


(0.71-1.56) (1.12-1.49) 


123 
(89-157) 
33 

(21-51) 
81 
(52-106) 


49 
(42-64) 

il 
(7-15) 

39 
(27-50) 


0.29 
(0.22-0.35) 
0.24 


(0.20-0.28) 
0.33 
(0.27-0.48) 





Primary biliary cirrhosis 

In Table IIA the results obtained in the eight 
cases of primary biliary cirrhosis have been as- 
sembled. Because the studies were made at vari- 
ous stages of the disease, each case is considered 
individually and averages are not determined. 
In the Table, the cases are arranged in the order 
of decreasing cholesterol concentration. In every 
case of the group the total cholesterol is greater 
than normal, although it tends to diminish in those 
of longer duration. The increased cholesterol 


tends to accumulate chiefly in Fraction IV + V + 
VI where in three of the cases it constitutes 70 per 
cent cr more of the total concentration. In all of 
the patients, the phospholipids of the plasma in- 
creased more than the cholesterol with resultant 
marked lowering of the cholesterol-phospholipid 
ratios. This is almost entirely attributable to a 
disproportionate accumulation of phospholipids 
in Fraction I + III where the cholesterol-phospho- 
lipid ratios are grossly lower than normal and fre- 
quently approximate those of Fraction IV + V + 
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VI where phospholipids increased proportionately 
to the cholesterol and where the cholesterol-phos- 
pholipid ratios deviated little from the normal 
average of approximately 0.5. 

Analysis of the plasma by the Sperry-Schoen- 
heimer method shows that the increment in plasma 
cholesterol in all of the patients is due to accumu- 
lation of free cholesterol with a resultant increase 
in the ratio of free to total cholesterol. Even in 
Dor, however, where there is no increase in 
total plasma cholesterol, the free to total ratio is 
also markedly elevated. Analysis of several of 
the fractions (see Table V1) indicates that almost 
all of the cholesterol in Fraction IV + V + VI is 
free, while Fraction I + III contains essentially 
all of the plasma esterified cholesterol in addition 
to free cholesterol. 

In Table IIB are the data from the five cases of 
secondary biliary cirrhosis. The concentration of 
plasma cholesterol exceeas the limits of normal 
but is increased less than in the cases of primary 
biliary cirrhosis. With progressive hepatic fail- 
ure the concentration tends to fall. The pattern 
of distribution of cholesterol is similar to that in 
primary biliary cirrhosis. In all patients, con- 
centration of bilirubin is markedly elevated, the 
cholesterol-phospholipid ratios are considerably 
reduced, and the free to total cholesterol ratio 
markedly increased both in the plasma and in 
Fraction I+III. In Sto, as the jaundice in- 
creases the cholesterol-phospholipid ratios in 
plasma and Fraction I+ III decrease, and the 
ratio of free to total cholesterol rises (see Table 
VI). 


Bile duct obstruction 


In Table III, the data on the patients with bile 
duct obstruction have been assembled. Patients 
were selected on the basis of considerable constant 
or increasing jaundice. Cases in which jaundice 
was decreasing were not included, although in two 
of the cases (Kau and Smi) measurements made 
after jaundice had begun to subside are included. 
In four of the patients, cholesterol in the plasma 
as well as in the two lipid-containing fractions is 
elevated. All of the patients in this group have 
low cholesterol-phospholipid ratios in the plasma 
and in Fraction I+ III. In nine of the twelve 
cases in which cholesterol-phospholipid ratios and 
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free to total cholesterol ratios are extremely ab- 
normal, history indicates that the obstruction has 
been of less than six weeks’ duration. These pa- 
tients with bile duct obstruction of relatively short 
duration and presumably normal livers demon- 
strate most clearly the effects of obstructive jaun- 
dice on plasma cholesterol-phospholipid ratios and 
free to total ratios. Restoration of normal lipid 
interrelationships after relief of obstruction is in- 
dicated in Smi. 


Acute hepatitis 


In Table IV, the data on the thirty cases of 
acute hepatitis have been assembled. The patients 
are listed in order of time elapsed between the on- 
set (the day when jaundice or bilirubinemia was 
first noted) and the first analysis of the plasma. 

The deviations in lipid concentration and distri- 
bution vary both with the duration of the hepa- 
titis and the degree of icterus. In severely jaun- 
diced cases studied during the first week following 
onset, the level of total plasma cholesterol is appre- 
ciably reduced, the concentration of phospholipids 
is not proportionately reduced, with the result 
that there is a marked lowering in the cholesterol- 
phospholipid ratio both in the plasma and in Frac- 
tion I+ III. In these cases there is also a marked 
reduction in esterified cholesterol, with increase 
in the ratio of plasma free to total cholesterol. 
This is usually apparent also in Fraction I + III 
but is most marked in Fraction IV + V + VI, 
where almost none of the cholesterol is esterified 
(Table VI). In patients whose total cholesterol 
is less than normal, the percentage in Fraction 
IV + V + VI tends to be low. In the occasional 
patient with high concentration of total cholesterol 
there is an increase in the cholesterol in Fraction 
IV + V+ VI such as is seen in biliary cirrhosis. 

These striking deviations in concentration and 
distribution of lipids tend to disappear gradually 
with recovery from the disease and particularly 
with the subsidence of icterus. They may disap- 
pear entirely before clinical convalescence is com- 
plete. Among the nineteen cases whose study was 
begun more than a week after the onset, there 
were seven whose bilirubin concentration was less 
than 2 mg. per 100 ml. In these cases, low cho- 
lesterol-phospholipid ratios in the plasma and in 
Fraction I + III were not found. In patients fol- 
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Fic. 1. RELATIONSHIP OF SEVERAL CHEMICAL TESTS 
DurinG THE Course oF A TypicaL CASE oF HEPATITIS 


lowed serially from the acute phase through re- 
covery, the cholesterol-phospholipid ratio in the 
plasma and in Fraction I + III was observed to 
rise simultaneously with the fall in serum bilirubin 
concentration and the ratio of free to total cho- 
lesterol. The return to normal in cholesterol and 
phospholipid relationships appears to be related 
to recovery and to the decrease in serum bilirubin 
concentration. It seems to be independent of the 
initial bilirubin concentration. In Dav the pattern 
returns to normal when the bilirubin concentration 
decreases from 26 to 11 mg. per 100 ml., while in 
Man this happens when the bilirubin falls from 
3.6 to 0.4 mg. per 100 ml. 

Usually the serum alkaline phosphatase con- 
centration decreases with the bilirubin, but the 
correlation between the phosphatase and the lipid 
pattern is far from exact. No correlation can be 
established for the change in pattern and the 
changes in bromsulfalein excretion or cephalin 
flocculation or thymol turbidity tests. Our data 
are not sufficient to establish presence or absence 
of correlation between the lipid pattern and the 
urinary excretion of bile and urobilinogen. In 
Figure 1 are shown the patterns of change in a 
typical case of acute hepatitis. 


Portal cirrhosis 


In Table V are shown the data in patients with 
portal cirrhosis who have been listed in order of 
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descending plasma _ cholesterol concentration. 
Listed separately are one case of hemochromatosis 
and five adolescent females, with the syndrome 
described by Bongiovanni and Eisenmenger (11) 
and characterized by high content of protein (up 
to 5.99 gm. per 100 ml. in Mar) in Fraction IIT. 

The lipid deviations in this group are extremely 
variable. The total cholesterol concentration va- 
ries between the wide limits of 551 and 44 mg. per 
100 ml. In twenty of the thirty-six patients the 
plasma cholesterol is less than the lower limit of 
normal and in four patients cholesterol values of 
less than 100 mg. per 100 ml. are observed. Gen- 
erally, there is a decrease in cholesterol in Frac- 
tion IV + V + VI while that in Fraction I + III 
varies, depending upon the total plasma concen- 
tration. In the majority of cases the phospholipid 
varies with cholesterol as in normal subjects so 
that the ratios of cholesterol to phospholipid are 
not different from normal, but in nine of the pa- 
tients low cholesterol-phospholipid ratios in the 
plasma and Fraction I+ III are observed. In 
five of them free to total cholesterol ratios in the 
plasma are measured, and in four they are over 
0.75. Two other patients have ratios over 0.70: 
in Alt the cholesterol-phospholipid ratios are nor- 
mal, but in Ede they are low but not as low as in 
the patients discussed. In the other patients with 
portal cirrhosis the mean ratio of the free to total 
cholesterol is 0.50. In these patients with the ab- 
normal lipid pattern serum bilirubin is usually 
elevated. Although Rob, Bur, and Car were in the 
terminal phase of their disease, the other patients 
were not regarded as having an immediately grave 
prognosis. In Guz and Rob the transient nature 
of these episodes is shown. With the disappear- 
ance of the intense jaundice the cholesterol-phos- 
pholipid and free to total cholesterol ratios return 
to levels seen in the remainder of the patients 
with cirrhosis. 

In the cases of Table VI in which the Sperry- 
Schoenheimer determinations were carried out on 
the fractions of plasma, the observations are not 
sufficient in number to permit any general state- 
ment. It wili be noted, however, that in biliary 
cirrhosis and in the acute stage of the acute hepa- 
titis the cholesterol content of Fraction IV + V + 
VI is almost entirely unesterified, while in Frac- 
tion I + III some of the cholesterol is esterified. 
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PROTEIN-LIPID RELATIONSHIPS IN HUMAN 


PLASMA 


TABLE VI 





Free cholesterol, esterified cholesterol, 


Plasma 
Ester Free 
mg. per meg. per 
100 ml. 100 ml. 


Free/ 


Name Total 








and free to total cholesterol ratios in Fractions IV+-V+ VI and I+III 





Cholesterol 
Fraction IV+V+VI 
Ester Free 


mg. per meg. per Free/ le Free/ 
100ml. 100ml. Total Total 





Primary biliary cirrhosis 


0.90 
0.76 
0.80 


Ros 12/21/51 
Yaz 9/2/52 
Whe 4/8/53 


1,023.0 
509.0 
390.0 


17.0 
157.0 
96.0 


0.89 
0.52 
0.56 


15.0 ‘ s 167.0 
0 : ‘ 113.0 
4.0 § d 109.0 


Secondary biliary cirrhosis 


Sto 11/19/51 108.0 110.0 0.51 


4.5 js , 5. 86.0 0.50 


Bile duct obstruction 


0.92 
0.38 


96.0 
145.5 


Zik 9/7/51 
Smi 3/18/53 


1,095.0 
90.5 


0.64 


17.0 : 3. 148.0 
: 0.38 


54.7 47.7 


a 
— 
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Acute hepatitis 


37.0 
25.0 
42.5 
129.5 


161.0 
143.0 
134.5 
61.5 
54.0 
66.7 
63.2 
244.0 
193.0 


3/31/52 

4/15/52 

Stu 10/22/51 

11/1/51 

11/12/51 154.0 

Lau 11/12/51 179.3 
Saz 1/10/52 0 

Ran 11/7/51 40.0 

138.0 

Hoo 17.0 104.0 

j 60.0 124.0 

117.4 37.2 

21.7 44.6 


Dav 


Ols 9/11/52 


120.0 
101.1 
65.8 
45.4 


0.92 
0.71 
0.60 
0.31 
0.28 
0.30 
0.88 
0.73 
0.47 
0.76 
0.70 
0.33 
0.58 


Nw 
a 


41.4 
43,2 
100.6 
102.4 40.6 
136.7 57.3 
7.3 63.2 
34.9 94.1 
91.4 81.6 
25.6 82.4 
42.0 99.5 
78.2 37.8 
0.50 27.1 38.0 
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Portal cirrhosis 


0.75 
0.42 


84.8 
106.6 
87.6 0.35 
89.2 0.50 
120.5 0.61 
53.3 0.49 
64.0 0.52 


28.5 
145.1 


2/20/52 
5/6/52 
Gau 6/19/52 165.4 
Pri 6/1/53 88.3 
Lew 2/3/53 77.1 
Hog 6/2/53 95:9 
Piz 6/1/53 58.8 


Rob 


Filter paper electrophoresis 


Normal plasma has two principal lipid-staining 
components; namely, an intense deeply-stained 
spot occurs in the beta globulin area and another, 
less intense, in the area between alpha, globulin 
and albumin. In biliary cirrhosis, despite the high 
lipid content of the plasma, the alpha component 
is negligibly small and all of the stainable lipid 
appears to be present in the beta area. Similar 
patterns have been found in obstructive jaundice 
and acute hepatitis. With disappearance of ic- 
terus, stainable lipid then appears in the alpha 
area. 

Fraction IV + V + VI from the plasma of a 
patient with biliary cirrhosis was subjected to 
paper electrophoresis, and all the lipids were found 
to migrate with the mobility of beta globulin, and 


0.75 
0.38 
0.34 
0.49 
0.48 
0.46 
0.54 


74.0 
62.9 


25.0 
104.0 
0.23 127.7 65.8 
0.52 63.4 61.5 
0.85 78.3 75.2 
0.39 39.2 33.2 
0.44 40.6 47.2 


0.82 
0.42 


— 


— re DO bo 
Soweoonuns 


when run on a starch block the fraction had a 
large single lipid peak with a cholesterol-phospho- 
lipid ratio of 0.50. The lipoprotein of Fraction 
I+ III on filter paper also migrated to the beta 
area. 


Ultracentrifugal flotation 


In Table VII are shown comparisons of the 
separation made by ultracentrifugal flotation with 
those made by Cohn fractionation. In this table, 
the per cent of total cholesterol and phospholipid 
found in the bottom fraction (containing alpha 
lipoproteins) is compared with that found in 
Fraction IV + V + VI which ordinarily contains 
alpha lipoproteins. In one normal subject and in 
two patients with hypercholesterolemic xanthoma- 
tosis the correlation between the two techniques 





1160 H. A. EDER, E. M. RUSS, R. A. R. 


is good. In Tad it was not quite so close. In 
three patients with biliary cirrhosis and in one 
with acute hepatitis there is much less lipid in the 
bottom fraction than in Fraction IV + V + VI. 
This correlates well with the comparable studies 
by filter paper electrophoresis. 


DISCUSSION 


In these patients with obstructive jaundice, the 
lipid composition of the lipoprotein-containing 
fractions differs markedly from that found in nor- 
mal plasma and in the plasma from patients with 
atherosclerosis and related diseases. Further- 
more, these lipoproteins have physical properties 
different from those ordinarily found. The lipo- 
proteins in Fraction IV + V + VI as well as those 
in Fraction I + III have the electrophoretic mo- 
bility of beta globulins. The greater part of the 
lipoprotein in Fraction IV + V + VI has a den- 
sity of less than 1.063 as does all the lipoprotein in 
Fraction I + III. 
the physical methods also differ in chemical com- 
position from those usually found. Kunkel and 
Slater (9) have shown that the material migrating 


with the mobility of beta globulin on a starch block 


The lipoproteins separated by 


has a cholesterol-phospholipid ratio of 0.5 as con- 
trasted to normal values of 1.26 for this peak. 
Similarly, the low density lipoproteins separated 
by ultracentrifugation have low cholesterol-phos- 
pholipid ratios. 

At present, lipoproteins can be defined only by 
description of certain of their chemical and physi- 
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assumed, however, that these are newly synthe- 
sized compounds. Anfinsen (16) has pointed out 
that the abnormality might consist of an accumu- 
lation of lipoproteins which are normally present 
in only minute amounts. Another possibility is 
that the lipid-binding capacity of normal lipo- 
proteins has been altered by unknown factors or 
as Byers, Friedman, Biggs, and Gunning (17) 
have suggested by accumulation of bile acids. 
The evidence of the present study indicates that 
at least two types of these abnormal lipoproteins 
are present in patients with obstructive jaundice. 
One is soluble under the conditions of precipitation 
of Fraction I + III and therefore appears in Frac- 
tion IV +V+ VI, while the other is insoluble 
and is separated with Fraction I+ III. Both 
have cholesterol-phospholipid ratios considerably 
lower than those normally found in Fraction I + 
III. They differ in their ratios of free to total 
cholesterol: the cholesterol in Fraction IV + V + 
VI is almost entirely free (unesterified) whereas 
in Fraction I + III the free cholesterol consti- 
tutes from 50 to 80 per cent of the total. 
Goldwater, Randolph, and Unglaub (10) by ul- 
tracentrifugation of plasma from patients with 


Snavely, 


acute hepatitis also obtained a fraction in which 
all the cholesterol was unesterified. 

These abnormal lipoproteins are present in 
large amounts in biliary cirrhosis, and are often 
found in both intra- and extrahepatic obstruction 
of the biliary tract. They accumulate constantly 
in the early stages of the jaundice of acute hepa- 


titis when intrahepatic obstruction of finer biliary 


cal properties. On this basis it might be con- 
cluded that in obstructive jaundice there are ab- 
It cannot be 


radicals may be a feature (18). They have also 


normal lipoproteins in the plasma. been found in cerain patients in whom jaundice is 


TABLE, VII 


Comparison of ultracentrifuge fractions with Cohn fractions 





Per cent of total cholesterol 


Per cent of total phospholipid 


Fraction 
IV+V+VI 


Bottom 
fraction 


78.5 


Fraction 
IV+V+VI 


62.2 


Bottom 
fraction 


48.6 


Diagnosis 


Normal female 


Hypercholesterolemic xanthomatosis ; . 24.1 
Hypercholesterolemic xanthomatosis 31.6 
Hypercholesterolemic xanthomatosis 15.0 


Biliary cirrhosis 3. i 5.0 
Biliary cirrhosis j 39. 14.9 
Biliary cirrhosis ; 38. 14.4 


Acute hepatitis } 30. 15. 





PROTEIN-LIPID RELATIONSHIPS IN HUMAN 


marked and biliary obstruction apparently pres- 
ent. In two of the cases in this series (Alt and 
Sko) intense jaundice developed without accu- 
mulation of abnormal lipoproteins. In one of them 
(Sko) the jaundice may have been hemolytic 
rather than obstructive. In the other, no ex- 
planation is offered for the lack of correlation. 
In patients whose portal cirrhosis is associated 
with only moderate degrees of jaundice, these 
lipoproteins are not found. 

It appears that the concentration of these ab- 
normal lipoproteins is related to the liver’s syn- 
thetic capacity. Thus, in patients with early 


biliary cirrhosis in whom liver function is rela- 
tively unimpaired, high plasma concentrations of 


these lipoproteins are found. As the disease 
progresses and liver function is impaired, the con- 
centrations fall. In hepatitis, where hepatic func- 
tion is of course impaired, high levels of abnormal 
lipoproteins are not found. Data from electro- 
phoretic and ultracentrifugal separations indicate 
that when the abnormal lipoproteins accumulate 
there is certainly depression of the alpha lipo- 
protein concentration and probably also of the 
normal beta lipoprotein concentration. In re- 
covery from acute hepatitis the return of the nor- 
mal lipoproteins is indicated by a return of the 
lipid in Fraction IV + V + VI to normal concen- 
trations and by elevation of the cholesterol-phos- 
pholipid ratio in Fraction I + III. 

Accumulation of lipoproteins of altered chemical 
composition offers an explanation of some of the 
deviations in plasma-lipid relationships of liver 
disease that are common to our own data and 
those of Man, Kartin, Durlacher, and Peters (3) 
and of Albrink, Man, and Peters (5). In all the 
observations there is a correlation between low 
plasma cholesterol-phospholipid ratios and high 
plasma ratios of free to total cholesterol. It is 
evident that if most of the plasma lipoproteins have 
low cholesterol-phospholipid ratios, the plasma 
itself will also have a low ratio. Since little of 
the cholesterol in these lipoproteins is esterified, 
the plasma free to total cholesterol ratio will be 
elevated. Albrink, Man, and Peters (5) noted 
that “the ratio of free to total cholesterol is 
rarely as abnormal in cirrhosis with little or no 
icterus as it is in obstructive jaundice, although 
the liver damage may be far greater.” This is 
consistent with the concept that these high free 
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to total ratios are a consequence of the production 
of abnormal lipoproteins rather than an indication 
of parenchymal liver damage as had been earlier 
suggested (19). 

The alterations in plasma lipids encountered in 
obstructive jaundice in man can be reproduced to 
some extent in animals by ligation of the common 
bile duct. In rats, Chanutin and Ludewig (20) 
demonstrated increases in serum free cholesterol 
with no increase in ester cholesterol and an in- 
crease in phospholipid proportional to the in- 
crease in free cholesterol. Byers, Friedman, and 
Michaelis (21) found similar changes in choles- 
terol. They showed (22) that hepatectomy pre- 
vented the rise in cholesterol and that (23) the 
amount of cholesterol that accumulated in the 
plasma was greater than could be explained by 
failure of biliary excretion. Subsequently, Fred- 
rickson, Loud, Hinkelman, Schneider, and Frantz 
(24) showed that this increase in serum choles- 
terol following bile ligation is accompanied by a 
significant increase in the rate of cholesterol syn- 
thesis by the liver. It may be that the abnormal 
lipoproteins present in this circumstance may alter 
the partition of cholesterol between liver and 
plasma, and that this partition may control the 
rate of cholesterol synthesis. 


SUMMARY 


In obstructive jaundice and in early acute hepa- 
titis the lipid composition of the lipid-containing 
protein fractions is markedly deviant from that 
of normals and of all other diseases we have 
studied. 

In Fraction IV + V+ VI there is approxi- 
mately twice as much phospholipid as cholesterol, 
just as is found normally in that fraction. How- 
ever, almost all of the cholesterol in the fraction 
is unesterified. 
have the 


The lipoproteins in this fraction 


electrophoretic and _ ultracentrifugal 


properties of beta lipoproteins, whereas nor- 
mally they are high-density alpha lipoproteins. 
The lipoproteins in Fraction I + III, like those 
normally in this fraction, have the physical char- 
Their proportion 


The most 


acteristics of beta lipoproteins. 
of ester cholesterol is less than normal. 
striking difference from normal lies in their cho- 
lesterol-phospholipid ratios which may be as low 


as 0.5 by weight. 
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It is concluded that in biliary cirrhosis, in some 
cases of obstructive jaundice, and in early acute 
hepatitis there are at least two types of abnormal 
lipoproteins, the one found in Fraction IV + V + 
VI and the other in Fraction I + ITT. 

During the recovery phase of acute hepatitis 
and following the removal of biliary tract obstruc- 
tion, the abnormal lipoproteins are replaced by 
lipoproteins of normal composition. 

The lack of correlation between the appearance 
of these lipoproteins and the degree of hepatic 
damage in cases of portal cirrhosis indicates that 
factors other than injury to the liver are implicated 


in their formation. 
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PART ONE 
INTRODUCTION 


1.1 General remarks 


The usual patient with “catarrhal jaundice” 
was treated symptomatically and rather casually 
in the years prior to 1940. Emphasis was laid 
on strictly enforced rest in bed as a result of stud- 
ies of the many military personnel who acquired 
acute infectious hepatitis during World War II. 
It was advocated by some that bed rest should 
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be continued not only until all symptoms and signs 
had disappeared, but even until the major liver 
function tests returned to normal (1, 2). Later 
studies by others (3, 4) suggested that the period 
of bed rest need not be that prolonged. It re- 
mained to be clearly demonstrated that the en- 
forcement of strict bed rest was necessary at any 
time during the acute phase of the illness. 

The role of diet in hepatitis has aroused con- 
siderable speculation. Some investigators (5-7) 
advocated the forcing of a high-protein, high- 
calorie diet, with or without supplementary vita- 
mins and amino acids. Others (8-10) were un- 
able to demonstrate the effectiveness of one or 
more of these measures. Because of these di- 
vergent conclusions, a re-investigation of the ef- 
fects of various dietary factors seemed indicated. 

The incidence and importance of recurrent and 
chronic viral hepatitis have been the subject of 
many reports in the last few years (11-14). 
There have as yet been no well controlled studies 
in which attémpts have been made to associate 
recurrent and residual abnormalities with the type 
of treatment administered during the acute illness. 

These several pertinent problems relating to the 
proper treatment of patients with acute infectious 
hepatitis were still unsolved at the start of an epi- 
demic of hepatitis among American military per- 
sonnel in the Korean war. 

The United States Army Hospital in Kyoto, 
Japan, was designated the “Hepatitis Center” for 
the Far East Theater of Operations in September 
of 1950. Since that time more than 4000 Ameri- 
can military patients with hepatitis have been 
treated there. During the early phase of the 
Korean war over 1000 patients with well-estab- 
lished acute hepatitis were hospitalized at this 
Center at one time. 

The 460 patients reported in these studies were 
all treated at the Hepatitis Center. They were 
then observed during their convalescence at the 
near-by Physical Reconditioning Center at Nara. 
Many of these patients were subsequently seen in 
a follow-up study either just before leaving the 
Far East Theater at Sasebo, Japan, or shortly 
after returning to the United States at their next 
duty station or their homes. 

The “Hepatitis Study Team” which conducted 
these studies was organized in the spring of 1951. 
This team consisted of four civilian physicians 
(T.C.C., R. D. E., W. E. R., C. S. D.) and four 
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specially assigned Army doctors (J. G. C., N. D., 
R. W.R., C. W.S.). This group of investigators 
was accompanied to Japan by a chief technician 
(M. A. M.) and three research trained dietitians 
(M. B., M. N., A. S.). The final full-time mem- 
ber of the team coordinated the many administra- 
tive tasks (A. O’B.). 

The main outline of the projected investiga- 
tion was determined during the summer of 1951. 
The Hepatitis Study Team arrived in Japan in 
September of 1951 and remained there a full year. 
During the first three months the group critically 
analyzed the records of patients previously treated 
at the Hepatitis Center, set up a research labora- 
tory, tested several diets, and trained 28 Japanese 
personnel to become dietetic and laboratory as- 
sistants. The investigations detailed in this re- 
port were completed over the next 10 months. 
The follow-up studies consumed approximately 
9 months’ additional time, or until July of 1953. 
In all, approximately two years were expended in 
these studies, exclusive of the time spent in the 
analysis and interpretation of the data. 

It would not have been possible to accomplish 
these studies without the many contributions and 
full-scale cooperation of a large number of in- 
terested persons. Only those who by virtue of 
their command positions were responsible for the 
help contributed by their staffs, or who worked 
closely with the authors throughout the study, are 
mentioned below. In addition, specific contribu- 
tions are acknowledged in footnotes to the text. 

Grateful thanks are due Colin M. MacLeod, 
M.D., President, Armed Forces Epidemiological 
Board; Cecil J. Watson, M.D., Chairman, Com- 
mission on Liver Disease; William S. Stone, 
Colonel, M.C., Commandant, Army Medical 
Service Graduate School; Frank L. Bauer, Lieu- 
tenant Colonel, M.C., Director, Medical Division, 
Army Medical Service Graduate School; Victor 
Sborov, M. D., Director, Hepatic and Metabolic 
Division, Army Medical Service Graduate School ; 
F, J. Knoblauch, Colonel, M.C., and A. J. Rapal- 
ski, Colonel, M. C., Administrators, Armed Forces 
Epidemiological Board; William E. Shambora, 
Major General, M. C., Chief Surgeon, Far East 
Command; James P. Cooney, Brigadier General, 
M.C., Surgeon, Japan Logistical Command; 
Charles L. Leedham, Colonel, M.C., and Francis 
W. Pruitt, Colonel, M.C., Consultants in Internal 
Medicine, Far East Command; Sterrett E. Die- 
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trich, Colonel, M.C., Commanding Officer, and 
Robert S. Jordan, Lieutenant Colonel, M.C., 
Chief of Medicine, U. S. Army Hospital, Kyoto, 
Japan; Arthur E. White, Col. M.C., Command- 
ing Officer, U. S. Army Hospital, Nara, Japan; 
and Herschel O. Griffin, Lieutenant Colonel, 
M.C., Commanding Officer, U. S. Army Hospital, 
Sasebo, Japan. 

Finally, the authors would like to extend their 
thanks to those who contributed to the analysis of 
the data and preparation of the manuscript, 
namely: Dolores Dalo, Katherine Hendrie, Hazel 
Hitson, Tomoko Ikkai, Sheilla MacCrellish, Rita 
Nickerson, Joan Palmer, and Francis Y. Halsey. 


1.2 Preliminary epidemiological and clinical ob- 
servations 


A report by Havens (15) of the hepatitis epi- 
demic occurring among American troops in the 
Far East was available before the start of the 
study. The attack rate had risen steadily after the 
start of the Korean war, reaching a peak of 34 per 
thousand per year in Korea in February, 1951. 
Following this it fell slowly to a level around 8 
per thousand per year, where it remained through- 
out the study. In contrast to the epidemic in post- 
war Germany (3), the onset of the illness was sud- 
den in the large majority of patients and more 
closely resembled that of acute infectious hepatitis 
than homologous serum jaundice. Few wounded 
men who might have received plasma or blood 
were sent to the Hepatitis Center in Kyoto. 
Since most of the hepatitis patients had received 
immunizations or injections of antibiotics during 
the five months preceding admission, it was pos- 
sible that some of them may have had homologous 
serum jaundice. 

The treatment prescribed at the Hepatitis Cen- 
ter prior to the start of the studies followed closely 
the principles outlined by Capps and Barker (5). 
The patients were served a nutritious diet with 
Multivitamin and choline supplements, and were 
required to remain in bed until there were no 
residual symptoms or signs of hepatitis and until 
the bilirubin and bromsulphalein dye tests were 
normal. Then progressive ambulation was started 
cautiously, and if all went well, the patient was at 
full ambulation in about 2 weeks. 

To gain an idea of the type of illness that had 
been treated prior to the start of the present stud- 
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ies, the data® on 2448 admissions to the Hepatitis 
Center during the previous year were reviewed. 
The average duration of hospitalization was 63 
days. Four patients (0.2 per cent) died and 17 
(0.7 per cent) were evacuated to the United States 
for “chronic hepatitis.” Of 39 patients readmitted 
because of a suspected recurrence during this pe- 
riod, the diagnosis of hepatitis was established on 
the second admission in only seven. The disease 
was apparently continuous in five of the seven, so 
that only two patients had bonafide relapses or re- 
infections during the period of observation. Since 
all hepatitis patients in Southwestern Japan and 
Korea were by military directive to be transferred 
to Kyoto, it is unlikely that many patients with 
definite relapses had been treated elsewhere. 

It was important to determine whether any 
measurable factors other than treatment influ- 
enced the course of the disease sufficiently to 
warrant a subdivision of the patients in the con- 
trolled studies before assignment to treatment 
groups. For this purpose a representative sample 
of 500 records were examined in greater detail. 
There was no evidence for an association between 
the duration of disease in the hospital and the pa- 
tients’ age (officers removed), race, place of on- 
set, type of duty, history of previous hepatitis, co- 
existent intestinal parasites, duration of symptoms, 
dark urine or jaundice before admission; or 
whether the patient was withdrawn from duty 
before, at the time of, or after the discovery of 
jaundice. There was no relationship between pre- 
vious alcohol consumption and duration of disease. 

Among 80 patients with symptoms of less than 
3 weeks’ duration before admission, the duration 
of illness in the hospital varied directly with the 
level of the initial total serum bilirubin (correla- 
tion coefficient + 0.6). This relationship, in com- 
bination with estimates of the variability to be 
expected in duration of illness, was used to pre- 
dict the number of patients required in the con- 
trolled studies in order to detect a treatment effect 
large enough to be of clinical interest. 


1.3 Outline of studies and summary of results 


Four studies were completed during the course 
of these investigations. The first three were con- 


® Kindly supplied by Capt. B. P. Summers, Registrar, 
and Lt. Col. R. S. Jordan, Chief of Medicine. 
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trolled studies of the effects of diet, rest, and 
physical reconditioning on the course of acute 
infectious hepatitis. The fourth or follow-up 
study evaluated the incidence of relapses and re- 
sidual abnormalities. 

The first study was designed to determine: 1) 
Is strictly enforced bed rest required during the 
active stage of infectious hepatitis, or can patients 
be allowed up and about the ward as they feel fit? 
2) Is the enforced feeding of a diet high in calories 
and protein and supplemented with choline and 
vitamins essential, or can patients eat only as much 
as they desire of a normally nutritious diet? Re- 
sults of this study demonstrated: 1) Patients 
acutely ill with infectious hepatitis improved as 
rapidly when allowed to be up and about the ward 
at will as did patients kept at strictly enforced 
bed rest. 2) Patients forced to eat a diet supply- 
ing an abundance of calories, protein, and vitamins 
throughout hospitalization improved more rapidly 
than did those patients eating only what they chose 
of a normal diet. 

The second study was planned to answer the 
following questions: How much and what kinds 
of food must patients with hepatitis, forced to eat 
throughout their hospitalization, consume in order 
to achieve maximum improvement during the 
acute phase of their illness? It was desired to as- 
certain whether an abundance of calories, protein, 
or supplements had any advantage over the re- 
quired ingestion of an adequate or “normal” 
amount of each. The results demonstrated a small 
difference in favor of patients eating a high-pro- 
tein diet. 

The third study investigated this problem: 
How early can patients with infectious hepatitis, 
allowed reasonable activity on the ward during 
the active phase of their illness, safely undergo 
an active physical reconditioning program prior 
to discharge to duty? It was found that strenuous 
activity could be undertaken safely as soon as the 
total serum bilirubin was under 1.5 mg. per 100 
ml. and the bromsulphalein retention was 5 per 
cent or less in 45 minutes. 

In the fourth (follow-up) study patients were 
examined approximately one year after their ini- 
tial treatment. No differences were discernible 
between patients allowed up and about at will 
and those kept at strictly enforced bed rest, or be- 
tween patients who underwent early physical 
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reconditioning and those whose return to full duty 
was gradual. Although there were no differences 
among the first study patients enforced to eat a 
nutritious diet and those who ate only as much as 
they desired, second study patients who received 
the high-protein and high-calorie diet showed a 
slightly higher incidence of mild residual ab- 
normalities. 


PART TWO 
MATERIALS AND METHODS 


2.1 Selection of patients and allocation into treat- 
ment groups 


Patients from Korea and Southwestern Japan were 
transferred to the Hepatitis Center as soon as the diag- 
nosis of hepatitis was made. The following criteria for 
acceptance were set up: 

1) The patient had to be a male member of the 
Armed Forces of the United States below the grade of 
warrant officer. 

2) The patient was required to have clinical jaundice 
or persistent dark urine, along with the probable diagnosis 
of infectious hepatitis as determined by one of the study’s 
doctors from examination of the field medical record, 
brief history, and physical examination. 

3) The duration of symptoms before admission had 
to be less than 22 days. 

4) There could be no evidence on admission of the fol- 
lowing diseases: acute malaria, dysentery, pneumonitis, 
infectious mononucleosis, or any condition requiring 
surgical treatment. 

5) The accepted” patients could not have received in- 
travenous plasma or blood within six months of ad- 
mission. 

6) The patients could not have nad infectious hepa- 
titis within the last year. 

All patients were seen immediately after arrival at 
the hospital by the study medical officer on duty and an 
admission card was filled out. After eligibility for the 
study had been determined by the above criteria and 
consecutive “study numbers” had been assigned to each 
patient accepted, envelopes containing a study number 
on the outside and a randomly assigned treatment group 
on the inside were opened and the patients were sent to 
the designated ward. Thus the physician had no knowl- 
edge of the treatment the patient was destined to receive 
when eligibility for admission to the study was determined. 


2.2 Details of patient care 


From the standpoint of statistical validity, it would 
have been desirable to have had each of the different 
treatments represented on the same ward. Only in this 
way could any unknown therapeutic effect of the pa- 
tient’s ward or doctor have been controlled. However, 
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since it was reasoned that a patient’s adherence to the 
prescribed regimen would depend for the most part on 
his confidence in his ward doctor’s ability to provide the 
best available treatment for his speedy recovery and fu- 
ture health, the patients receiving different treatments had 
to be separated from each other as widely as possible. 
Therefore the four most widely separated of the eight 
wards in the hospital were chosen for the studies (Fig- 
ure 1). Although the patients may have known that 
different methods of treatment were being used in the 
hospital, this was explained, when the question arose, 
with the statement that there were differing views as to 
the best treatment of hepatitis and that in such a situa- 
tion it was important that the patient adhere to the regi- 
men prescribed by his own doctor. For this reason it 
was impossible to rotate the doctors among wards or 
treatment groups in any one study. 


2.3. Dietary procedures and validation of dietary 
calculations 


Working in collaboration with the Food Service Divi- 
sion of the Hospital, the research dietitians planned in 
detail the diets for each of the two treatment groups. 
Dietary sheets for each patient, showing the amount of 
each food item to be served, were mimeographed daily. 
On these the dietetic aides recorded the amounts origi- 
nally served, refused, and the second servings. Standard 
servings were weighed on Hanson scales before each 
meal and meat portions and high-calorie foods such as 
desserts were weighed individually. Second helpings 
and uneaten portions were all weighed. If a patient 
vomited within 6 hours of a meal, half the value of the 
meal was subtracted from his intake. Sample intake 
sheets are reproduced in Tables II and III, Appendix II. 
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Total intakes 1° for each patient were calculated daily 
on abacuses by the dietetic aides. Each patient’s diet 
sheet was checked by the dietitians after each meal, and 
as a double check, the values were calculated a second 
time before they were recorded. 

To evaluate the accuracy of measuring, recording, and 
calculating the diets a tray from each of the three meals 
during a day was occasionally removed for checking 
without the aides’ knowledge. After weighing each 
item and independently calculating the resuits, the die- 
titians mixed the sample day’s diet and sent it to the 
Chemistry Laboratory of the 406th Medical General 
Laboratory in Tokyo for analysis.1+ 

The results of checks performed on eight daily diets 
in the first study and six in the second are presented 
in Table IV, Appendix II. The results for each treatment 
group were averaged for presentation in the table. A 
statistical analysis of all the individual checks revealed 
good correlation of the protein and fat estimates by the 
three methods. The difference between the calculated 
and weighed protein contents was small, but on chemi- 
cal analysis the protein averaged 13.6 grams more than 
the calculated content. The calculated fat content aver- 
aged 4 grams more than the weighed and 28.4 grams 
more than the chemically analyzed. If one assumes that 
the chemical analyses represent the “true” approxima- 
tions, then roughly 9 per cent should be added to the 
protein content of each diet and 19 per cent subtracted 
from the fat content. It is possible, however, that as a 
result of incomplete ether extraction of the fat, the 
chemical analyses may have yielded low values. 


2.4 Methods for collection of data 


A. Recording of admission history and physical ex- 
amination. When the study was set up it was hoped 
that by careful recording of historical data it might be 


10 Food values were taken for the most part from: 
Composition of Foods—Raw, Processed and Prepared, 
U. S. Dept. of Agriculture, Handbook No. 8, Washing- 
ton, D. C., June, 1950. 

11 For the performance of the chemical analyses we 
wish to thank Col. R. L. Hullinghorst, Director of the 
406th Medical General Laboratory, and his successor, Col. 
R. P. Mason, and Maj. Edward C. Knoblock, Chief of 
the Chemistry Laboratory. The following methods of 
analysis were used: 


1. “Official and Tentative Methods of Analysis of the 
Association of Official Agricultural Chemists,” 
1945. 

a. Moisture—par. 27.7 and 28.2. 
b. Ash—par. 28.4 and 34.10. 

c. Fat—par. 28.6 and 27.25. 

d. Protein—par. 28.8 and 2.25. 

2. “Analysis of Foods,” A. L. Winton and K. B. Win- 
ton, 1945. 

a. Fiber—Henneberg Acid-Alkali 
Method—page 64. 
b. Carbohydrate by difference—page 63. 


Gravimetric 
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possible to determine whether factors other than treat- 
ment had some effect on the striking variability in du- 
ration. Consequently many details of the patient’s past 
history and present illness, which might conceivably have 
an influence on the duration of his hepatitis, were re- 
corded in a standardized manner on an 8- by 11-inch 
punch card. (As in the preliminary observations no one 
of these variables was found to be significantly associated 
with the duration of illness as defined in this study.) 
For the back of the punch card, a semi-graphic recording 
of the present illness was devised. Employing a nu- 
merical grade of intensity, the daily occurrence of ma- 
laise, chills and fever, nausea and vomiting, diarrhea, 
upper abdominal pain, dark urine, light stools, and icterus 
was recorded. Also charted were the number of meals 
eaten each day after the onset of symptoms, the patient’s 
activity on each day of his illness prior to admission to 
the study, the dates of his dispensary and hospital visits, 
the evacuation procedure, and the methods of treatment 
during hospitalization prior to transfer to the Hepatitis 
Center. 

A complete physical examination was performed on 
admission and special attention was paid to the usual 
stigmata of hepatitis such as jaundice, hepatic size and 
tenderness, splenomegaly, and spider angiomata. 

B. Clinical observations in the hospital. Each of the 
four ward doctors made daily rounds on his own ward 
and recorded clinical data daily during the patient’s first 
week in the hospital, and twice a week thereafter. 
In order to insure standardization of clinical observations, 
group rou.ds were made once a week on successive wards. 
The following observations were recorded: degree of 
anorexia, nausea, upper abdominal pain, and malaise; 
number of episodes of vomiting and diarrhea each day; 
liver size and tenderness, palpability of spleen and pres- 
ence of spiders; temperature, pulse, and weight; and the 
number of times the patient was out of bed. 

C. Laboratory procedures. Liver function studies were 
performed at 3- or 4-day intervals throughout the period 
of observation. Besides the usual routine admission 
laboratory studies, each patient had two stool examina- 
tions for ova and parasites during the first week of hos- 
pitalization, and a heterophile agglutinin titer was per- 
formed three weeks after the onset of symptoms. All 
blood chemistry determinations were performed on blood 
samples taken between 7 and 8 am., with the patient 
fasting. 

The work of the laboratory was supervised by one of 
the four ward physicians and the civilian chief technician. 
Ten Japanese chemists 12 were trained to perform the 
various tests. Although difficulties resulting from the 
different languages, training, and customs had to be 
overcome before the study could start, the laboratory 
work was performed efficiently throughout. At one time 
more than 2000 individual liver function tests were per- 
formed each week. 


12 The authors wish to thank especially Noriaki Waki- 
zaka, M. D., and Koji Hamada, M.D., for their contri- 
butions to the laboratory work. 
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The routine liver function tests included the total and 
prompt direct (1-minute) serum bilirubin (17), cepha- 
lin flocculation (18), thymol turbidity and thymol floe- 
culation (19), the zinc sulfate turbidity (20), and the 
serum cholinesterase activity (21). The bromsulphalein 
excretion test (22) was performed at weekly intervals 
after the total serum bilirubin had decreased to approxi- 
mately 1.5 mg. per 100 ml. All liver function tests were 
performed in duplicate and final values represented av- 
erages of paired aliquots. When duplicates did not 
check within 5 per cent the test was repeated the fol- 
lowing morning and all four values were averaged. All 
remaining serum was stored in a deep freeze until the 
termination of the study. 

For the thymol turbidity test a reagent buffered at pH 
7.8 as originally described by Maclagan (23) was em- 
ployed. Although Mateer and co-workers (24) and 
Neefe, Gambescia, Gardner, and Knowlton (25) have 
indicated that thymol barbiturate reagent which is buf- 
fered at pH 7.55 probably provides a more sensitive pro- 
cedure for detecting hepatic abnormality, the less sensi- 
tive technique was chosen to eliminate abnormal values 
of doubtful significance. All results of the thymol tur- 
bidity tests were reported in terms of Shank-Hoagland 
units (twice the Maclagan units). 

For the bromsulphalein excretion test a dose of 5 mg. 
per kg. was employed. The body weight used ir: the cal- 
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culation of bromsulphalein dosage was the average of 
the maximum weight at any time and the weight on 
admission. A maximum dose of 8 ml. was administered. 
Bromsulphalein dosage was kept constant despite changes 
in body weight occurring during the period of hospitali- 
zation or convalescence. This calculation of BSP dosage 
was adopted because of the variable weight loss be- 
fore, and weight gain after admission, the latter de- 
pending on the treatment. Later it was found that vary- 
ing the dosage by 0.5 to 1.0 ml. (equivalent to an error 
in weight of 11 to 22 pounds) in eight individuals did 
not significantly alter the per cent retention in 45 min- 
utes. 


2.5 Normal values of liver function tests 


In order to determine the range of normal values of 
liver function tests among American Military personnel 
stationed in the Far East, fasting blood samples were 
collected from 279 enlisted men stationed at Camp Otsu, 
Japan,13 and analyzed for prompt reacting (1-minute) 
serum bilirubin, total serum bilirubin, cephalin floccula- 
tion, thymol turbidity, thymol flocculation, zinc sulfate 
turbidity, and serum cholinesterase activity. All sub- 


18 The authors wish to thank Col. Dwight K. Foster, 
Commanding Officer, Camp Otsu, for his cooperation in 
making available the normal subjects. 
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TABLE I 


Liver function tests in 279 ‘‘normal’’ soldiers 
(Kyoto series) 








Normal limits 
95% 99% 





Total serum bilirubin—mg./100 ml. 

Prompt direct serum bilirubin—mg./100 mi. 
Thymol turbidity—Shank-Hoagland units 
Thymol flocculation 

Cephalin flocculation—24 hours 

Zinc turbidity—Kunkel units 
Cholinesterase A pH per hour 


0.90 


1.04 1.62* 
0.26 
6.5 


0.14 
0.01 





* This value was not available for use in the definition of normal serum bilirubin for the first and second studies. 
Instead the value 1.50 mg. per 100 ml. described by Zieve and his associates (27) as the 99 per cent upper limit of nor- 


mality was used. 


jects were questioned for a past history of jaundice, 
hepatitis, infectious mononucleosis, exposure to hepato- 
toxins, blood or plasma transfusions, amebiasis, Weil’s 
disease, malaria, and a family history of jaundice or 
anemia. Inquiry relating to present health was directed 
particularly to the discovery of symptoms associated with 
hepatitis, such as anorexia, vomiting, diarrhea, dark 
urine, and abdominal pain. 

In analyses of the results of the tests, the individuals 
were separated into two groups. One group comprised 
all those without a past or present history of any fac- 
tor which might be responsible for an abnormal liver 
function test. The other group was composed of those 
with positive histories. 

These groups are referred to in Figure 2 and Table I, 
Appendix II, as the normal and equivocal groups. 
Since a review of the distribution of values of the various 
liver function tests obtained in the normal and question- 
ably normal groups failed to disclose significant differ- 
ences, the groups were combined to form a total sam- 
ple from which the values presented in Table I were 
derived. 

Throughout this study the 99 per cent criterion of 
normality is employed. Thus, an abnormal test is that 
found to fall above the value below which 99 per cent of 
the normals occurred. In only two of the 279 “normal” 
soldiers, values for liver function studies exceeded the 99 
per cent level on more than one test. Both total and 
prompt direct serum bilirubin were greater than the 99 
per cent values in one individual, but repeat determina- 
tions 2 days later disclosed values for both tests well 
within the normal range. The second person had ab- 
normal thymol turbidity and thymol flocculation tests. 
He had no abnormal symptoms or physical signs. On 
the basis of these observations, if six liver function tests 
are performed on a group of presumably normal indi- 
viduals, the probability that two or more of the tests on 
the same person will yield values above the 99 per cent 
level of normality is very small. Approximately 6 per 
cent of such “normal” individuals, however, may be ex- 
pected to have one or another of the six tests abnormal. 

Because the bromsulphalein retention of the “normal” 
soldiers was not determined, the conventional 5 per cent 


retention in 45 minutes was accepted as the upper limit 
of normal for this study. Sirce completion of the study, 
data have been made available to the authors indicating 
that the 99 per cent level lies between 10 and 14 per cent, 
depending on the weight of the individual (26). It is 
possible, therefore, that occasional patients diagnosed as 
having a prolonged acute course or a relapse on the 
basis of the bromsulphalein test, were in reality variants 
of the normal. 


2.6 


In order that the duration of illness might be reliably 
determined in spite of fluctuations in laboratory observa- 
tions occurring around the time of ambulation, it was 
necessary to establish arbitrary rules for the rigid defini- 
tion of duration of illness. Therefore, in order to start 
progressive ambulation, the bed rest patient was re- 
quired to have one normal bromsulphalein test (5 per 
cent or under) and, for two out of three semi-weekly 
observation periods, a total serum bilirubin less than 1.5 
mg. per 100 ml. The start of ambulation was delayed 
for 2 weeks if the total serum bilirubin alone persisted 
elevated, and for 4 weeks if the bromsulphalein alone 
continued abnormal. The period of time from admission 
to the start of progressive ambulation for the bed rest 
patients, and the equivalent period for the patients who 
had been on ad lib. rest throughout, designated arbi- 
trarily as the duration of illness, was the basic measure- 
ment of treatment effect on which most of the statistical 
analyses below are based. The reappearance of abnor- 
malities in the total serum bilirubin or bromsulphalein 
constituted a laboratory “relapse.”1* A “relapse” was 
called partial if an abnormality was found on only one 
observation and was said to be complete if the same ab- 
normality was found in two out of three consecutive 
periods, or if two or more abnormalities appeared at 
the same time. If the patient during the course of pro- 


Criteria for measurement of treatment effects 


14The word “relapse” is placed between quotes to 
signify that the abnormalities classified as a “relapse” 
for statistical purposes did not necessarily constitute a 
clinical return of the acute disease. 
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gressive ambulation developed a partial “relapse,” he was 
held at that level of activity until the next scheduled 
semi-weekly observation. If he developed a complete 
“relapse,” he was transferred from his own ward, or 
from the Physical Reconditioning Center, to a fifth ward 
of the hospital on which all patients were treated alike 
and clinical and laboratory observations performed as 
during’ the acute study. The treatment of relapsed pa- 
tients consisted of bed rest and the forcing of a moder- 
ately high-protein diet. When the original criteria for 
ambulation had again been attained, the “relapse” was 
designated as ended and the patient started back on 
progressive ambulation. 


PART THREE 


FIRST STUDY: THE RELATIVE EFFECTS OF DIET 
AND REST 


3.1 Design 


In this initial study the course of patients kept 
at strict bed rest throughout their acute disease 
was compared with the course of those allowed to 
be up and around on their hospital ward at will. 
Thus, the most conservative rest regimen was 
compared with the least conservative regimen 
which, since the patient could remain in bed if he 
wished, still might not be harmful. It was reas- 


oned that if the strict bed rest patients improved 
faster, the degree of strictness and the necessary 
duration of the regimen might be suggested by a 
retrospective analysis of the data, and then further 


defined in a second study. If ad lib. rest proved 
adequate, two advantages would accrue. First, 
there would be a distinct saving in personnel nec- 
essary to care for the patients, and second, the 
duration of hospitalization would be shortened ap- 
preciably by elimination of the period of physical 
disability which usually follows prolonged rest in 
bed. 

With respect to diet, the first study was de- 
signed as a screening one in which the effects of 
a nutritious hospital diet offered to the patients 
ad lib. were compared with the effectiveness of a 
diet in which all nutrients were included in abun- 
dant amounts and the patients forced to eat a 
minimum per day, regardless of anorexia. Thus 
the forced diet contained a minimum of 3,000 
calories, 20 per cent or 150 grams in the form of 
protein, and was supplemented with choline and a 
Multivitamin preparation. It was reasoned that 
if merely providing a nutritious diet to patients 
was adequate, no further investigation of the die- 
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tary aspects would be necessary, and only if the 
forced diet proved superior would a second study 
be desirable to determine whether the course was 
shortened by the forced calories, the high protein 
content, the supplements, or all three. 

The two therapeutic trials summarized above 
were combined in a single study as outlined in 
Figure 3. Half the patients were on an ad hb. 
diet and half on a forced diet; similarly half, were 
on a program of ad lib. rest and half were kept in 
bed. This plan provided the means to determine 
whether the effect of one treatment factor, diet or 
rest, was influenced by the response to the other 
factor. For example, the effect of a diet might 
vary with the amount of rest, and if this were the 
case, it would be misleading to refer to an average 
effect of diet if the amount of rest were unspeci- 
fied. If there were no such “interaction” between 
diet and rest, then the average effect of each fac- 
tor could be determined with only half the number 
of patients as would be necessary if each were 
studied alone. 

Two-hundred and sixty eligible patients were 
entered into the study in “blocks” of four. Each 
patient in a given block was assigned at random to 
a different one of the four treatment groups. The 
order of these assignments was determined before 
the start of the study from a table of random num- 
bers. The patients were admitted in blocks of 
four for three reasons: 1) to maintain the same 
number of patients in all treatment groups; 2) 
to allow the number of patients to be increased if 
preliminary estimates of the variability of the 
duration of illness were too small; 3) to provide a 
means for controlling in the analyses of data the 
variability introduced by the unknown effects of 
differences in place and time of infection and fac- 
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tors in evacuation common to the patients in a 
given shipment, but expected to vary from one 
shipment to another. 


3.2 Rest regimens 


A. Strict bed rest. On admission to the hos- 
pital the importance of strict bed rest in the treat- 
ment of hepatitis was emphasized to each patient. 
This regimen required the patient to observe the 
following program: 1) Remain in bed at all times 
except for one trip daily to the latrine and a shower 
twice a week; 2) eat all meals in bed; 3) utilize 
all auxiliary services, including post exchange and 
library carts, at the bedside. Good doctor-patient 
relationships and constant vigilance on the part of 
the ward staff resulted in only rare infractions of 
the bed rest regimen. 

Verification of adherence to the schedule was 
provided by inspection of the ward four to six 
times daily at irregular intervals. Results of these 
bed checks were recorded on a mimeographed 
sheet. If a patient was found out of bed at any 
other time by any of the ward personnel, this fact 
was also recorded on the bed check record. In 
addition, any patient found out of bed was re- 
ported to the ward doctor, who repeated the lec- 
ture on the importance of strict bed rest and re- 
quested complete compliance with the prescribed 


regimen. 
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Analysis of the data indicates that the criteria 
for strict bed rest were met by the great majority 
of patients (Figure 4). A small percentage failed 
to meet these criteria and were judged at a level 
of activity equivalent to or less than that entailed 
in free bathroom privileges or the eating of meals 
at the bedside. 

B. Ad lib. rest. No effort was made to control 
the level of activity of these patients except to pro- 
hibit boisterousness as a matter of ward discipline. 
They were confined to their wards but permitted 
out of their rooms as much as they desired except 
for a one-hour rest period after each meal. Al- 
though allowed to be active, these patients were 
not required to perform tasks about the ward 
usually assigned to ambulatory military patients. 
Frequent inspections by the ward doctors were 
made to evaluate the patients’ activity. 

The levels of activity of the patients on the two 
regimens of rest were distinctly different (see 
Figure 4). From the first day of hospitalization, 
45 per cent of the ad lib. group were out of bed 
more than the time involved in visits to the latrine 
and sitting up for meals. By the seventh day, 55 
per cent of the patients, most of whom were still 


clinically jaundiced, were out of bed more than 
one-half of the day while only 7 per cent of the 
patients remained in bed except for latrine visits 
and meals. This marked difference in activity be- 
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tween the strict and ad lib. rest wards was main- 
tained throughout hospitalization and was immedi- 
ately apparent to visitors to the wards. 


3.3 Dietary regimens 


A. Forced high-protein diet. The potential im- 
portance of a forced intake of food in “curing” the 
disease was repeatedly emphasized to the patients. 
They were required to eat a minimum of 3000 cal- 
ories and 150 grams of protein each day, thus in- 
suring a caloric protein proportion of at least 20 
per cent. Fat and carbohydrate contents were 
allowed to seek their own level in each patient’s 
diet depending upon his selection of food. The 
diet offered the patient on the menu was greater 
than this minimum value—at least 4000 calories 
and 200 grams of protein. Second helpings of all 
except high-calorie, low-protein foods were avail- 
able. A high-protein milk drink was served be- 
tween meals and at bed time. The patients also 
received choline dihydrogen citrate, 3.9 grams 
daily, and 2 Multivitamin tablets ** three times a 
day. Candy and ice cream sundaes between meals 
were not allowed. 

Patients who were unable to reach the estab- 
lished minimum were tube-fed. The doctors on 


15 Total daily dose supplied 15,000 U.S.P. units of vi- 
tamin A, 1200 U.S.P. units of vitamin D, 6 mg. of thia- 
min, 9 mg. of riboflavin, 225 mg. of vitamin C, and 60 
mg. of nicotinamide. 
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the two forced-feeding wards met with the dieti- 
tians daily at 1 p.m. to decide if any patients re- 
quired intubation, the amount of tube feeding 
necessary, and revision of the tube formula to con- 
form with the food already eaten by the patient 
on that day. Glucose and saline solutions were 
occasionally given parenterally. Intravenous pro- 
tein hydrolysate solutions were not used. 

Six patients required tube feedings, two for 1 
day only, two for 2 days, one for 3 days, and one 
for 4 days. It was found that the threat of intuba- 
tion, or its use in one patient on a ward, was usu- 


TABLE II 


Mean dietary intakes for treatment regimens—257 patients 








Diet 








Forced 


Ad lib. 


Strict 





Mean S.D. 


Mean 





S.D. Mean S.D. 





Calories 4,060 402 


S.E. of diff. 
P 


3,510 


621 3,730 535 
73 
5 





Protein 


Grams 
a of diff. 


Per cent of calories 





Fat 


Grams 
Per cent of calories 





Carbohydrate 
Grams 
Per cent of calories 
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ally sufficient to persuade the rest of the anorectic 
patients to eat the required amount. 

B. Ad lib. diet. The possible benefits of food 
in the treatment of hepatitis were never mentioned 
to these patients. They were served the standard 
Army hospital diet and no attempt was made to 
maintain any caloric or food consumption level. 
Patients were offered between-meal nourishments 
of fruit juices only. They could order sundaes, 
ice cream, and candy bars ad lib., through the 
dietetic aides. Patients admitted with nausea and 
vomiting received fluids parenterally as necessary 
for purposes of maintaining hydration and electro- 
lyte balance. 

C. Analysis of dietary intakes. In Figure 5 are 
presented the mean intakes for each of the dietary 
groups in grams and per cent of total calories, 
from the time of admission to the start of con- 
valescence. The protein differences were striking 
and the caloric differences small but significant 
(Table II). The fat content of the forced diet 
was appreciably higher than that of the ad lib. 
diet, the carbohydrate content lower. 

The average intakes at the two dietary levels 
from admission to the start of convalescence are 
presented in Figure 6. Both rose somewhat in 
the first week, but the rise was greater in the ad 


lib. group. Both fell slowly after the first 8 to 
12 days. 

Since the intakes were ad lib. except for the re- 
quired minimum in the forced group, the indi- 
vidual ranges were great. Figures 7 and 8 present 
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the distributions of intakes of calories and protein 
on the first and eighth hospital days. The range 
on the eighth day was representative of the intakes 


from that time on. On the forced-fed wards on 
day 1 only two patients fell below the prescribed 
minimum of 3000 calories and 150 grams protein. 
On the ad lib. wards, on the other hand, the range 
on day 1 was from 700 to 4500 calories, and from 
20 to 160 grams of protein; on day 8 from 1200 
to 6000 calories and from 30 to 200 grams of 
protein. 


3.4 Effectiveness of the randomization 


It was necessary to establish whether or not the 
four treatment groups were comparable with re- 
spect to the many variables which might influence 
the duration of illness, other than the treatments 
per se. A few of these variables were controlled 
by the criteria used in the selection of patients for 
the study. The distributions of all of the others, 
both known and unknown, were left to the play of 
chance by the use of random numbers for the 
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assignment of eligible patients to the treatment 
groups. 

Thirty-four variables were examined. They in- 
cluded information from the following categories: 
1) Medical history; 2) physical findings on ad- 
mission ; and 3) liver function tests on admission. 
The results of the chi square tests and “analyses 
of variance” listed in Table V, Appendix II indi- 
cated that the randomization was effective. 

Many of the variables tested were purely ob- 
jective measurements, such as the level of the se- 
rum bilirubin on admission. Others, such as the 
estimation of liver size and tenderness, reflected 
the subjective interpretations of each of the four 
ward doctors. Although every attempt was made 
to achieve uniformity and objectivity, it was ap- 
parent early in the course of the analyses that 
certain significant differences could be attributed 
to systematic variations in the interpretation of 
historical facts and clinical signs and symptoms 
by the individual ward doctors. 

The 34 variables were classified, without prior 
knowledge of the results of significance tests, into 
two groups—those in which a “doctor effect” 
seemed likely to appear, and those in which such 
effects seemed most improbable. For those 12 
variables in which a “doctor effect” was considered 
improbable, there were no significant differences 
between the treatment groups. However, there 
were significant differences for 10 of the 22 vari- 
ables that were amenable to subjective interpre- 
tation. Although these results did not affect the 
validity of the randomization, they did emphasize 
the inadequacies of clinical studies in which reli- 
ance for the measurement of treatment effects is 
placed primarily on symptoms and signs. 


3.5 Elimination of patients from the study 


The data on 7 of the 260 patients admitted to 
the study were removed from the principal analy- 
ses (Table VII, Appendix II). Three patients 
admitted to the study were subsequently found 
not to have infectious hepatitis. Their final diag- 
noses were, respectively, infectious mononucleosis, 
lymphogranuloma venereum, and psychoneurosis. 
Data on these three patients were removed from 
all but one of the analyses. 

In the case of four other patients, the duration 
of illness was in doubt. Two of these patients left 
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the hospital before convalescence, one for an 
emergency leave and one for special treatment of 
an acute psychosis. The laboratory findings on 
the other two patients did not permit a distinction 
between a short initial illness with a long relapse 
and a long initial illness without relapse. The 
data for these four patients were excluded from 
all but one of those analyses which utilized the 
durations of illness. 

In order to simplify certain analyses it was nec- 
essary to have the same number of patients in 
each of the four treatment groups. To accomplish 
this, each block of four patients which included 
any of the above seven patients was removed from 
the data, leaving 232 patients for these analyses. 


3.6 The effects of treatment on duration of illness 


For both clinical and statistical reasons (see 
Appendix I, Sec. 3), basic results of the first 
study are presented as percentage reductions in 
duration of illness, although the absolute reduc- 
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tions in days of illness (geometric means) are 
also tabulated. To obtain these results the indi- 
vidual values for durations of illness were con- 
verted to logarithms in the basic analyses. 

In Figure 9 are shown the average durations of 
illness (geometric means) for each of the four 


TABLE III 
First study: Responses to treatment: Percentage reduction in duration of illness—232 patients 








Response with: 








Average 
response 





Strict Ad lib. 





(D) — (d) 


Treatment comparison 


% reduction 
(Absolute difference)* 


95% confidence limits 


—22% 
(—6 days) 
—14% to —30% 


(DR) — (dR) 


—29% 
(—8 days) 


(Dr) — (dr) 


—17% 
(—4 days) 





(R)—(r) 


Treatment comparison 
% reduction 


(DR) — (Dr) 


(dR) — (dr) 


—4% —16% 
(+1 day) (+5 days) 


—10% 
(+3 days) 
—0.1% to —19% 


(Absolute difference)* 
95% confidence limits 





Treatment levels: D—forced diet ; d—ad Jib. diet; R—strict bed rest ; r—ad lib. rest. 
* The sign of each absolute difference indicates the favorable treatment. 


TABLE IV 
First study: Responses to treatment: Logarithms of ratios of geometric mean durations—232 patients 








Response with: 











Average 
response 


(D)/(d) 
—0.1085 


Ad lib. 
(Dr)/ (dr) 
—0.0801 


Factor Strict 


(DR)/(dR) 
—0.1370 





Diet Treatment comparison 
thm of ratio 





Rest Treatment comparison 


dR)/(d 
Logarithm of ratio (dR)/ (dr) 


+0.0177 
+0.0328 


(R)/(r) (DR)/(Dr) 
+0.0461 +0.0746 
+0.0232 





Standard error of response 
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TABLE V 
First study: Responses to treatment: Influence of various definitions of the duration of illness—232 patients 








Mean duration of illness from admission to: 





Treatment group 


Convalescence 


days 


Last 
abnormal* 
TSB or BSP 

days 


First 
normal 
TSB 


weeks days 





Forced diet, strict bed rest on 
Forced diet, ad lib. rest (Dr) 
Ad lib. diet, strict bed rest (dR) 
Ad lib. diet, ad lib. rest (dr) 


Overall mean 


Average response to: 


Diet (D) —(d) 
Rest (R)—(r) 


Standard error of response 


+2 
+1.6 


3.1 


3.0 
4.3 
3.7 
3.5 


—1.0 
+0.3 0 


+0.2 +1.2 


+4 
+2.7 





* Includes all “‘relapses’’ during convalescence in the hospital and at the Physical Reconditioning Center. 


treatment groups; for the four combinations of 
two groups each of which represents the two levels 
of rest and two levels of diet; and for the entire 
study. The effects of diet and rest on the dura- 
tion of illness are presented in Tables III and IV 
as comparisons among these geometric means, 
derived from the logarithmic data presented in 
Table IV. 

The average response to diet was a 22 per cent 
or 6 days’ reduction in duration of illness achieved 
by the forced diet relative to the ad lib. diet. This 
reduction is statistically significant at the 0.01 per 
cent level. The 95 per cent confidence limits indi- 
cate that the “true” effect of diet might be any- 
thing from a 14 per cent to a 30 per cent reduction 
in duration of illness in favor of the forced diet. 


This dietary effect was similar for patients both 
on strict bed rest and on the ad lib. rest regimen. 
Thus there was no significant interaction between 
rest and diet. 

The average response to rest was a 10 per cent 
or 3-day reduction in duration of illness in favor 
of the ad lib. rest program. This result is statis- 
tically significant at the 5 per cent level, but the 
confidence limits show that the “true” reduction 
is probably not greater than 19 per cent and may 
well be as small as 0.1 per cent. 

Since the definition of duration of illness chosen 
in the design of this study was necessarily arbi- 
trary, it was important to examine the data retro- 
spectively to determine the influence of different 
definitions upon the results. These results are 


TABLE VI 
First study: Treatment groups compared according to various methods for handling ‘‘eliminated patients’: 


mean duration of illness from admission to convalescence in 


days 








Treatment group 


Blocks 


containing 
“eliminated 


“Eliminated 
patients” 
removed 


All 
patients 
included 


patients” 
removed 





Number of patients 


Forced diet, strict bed rest (DR) 
Forced diet, ad lib. rest ta 
Ad lib. diet, strict bed rest (dR) 
Ad lib, diet, ad lib. rest (dr) 


Average response to: 


Diet (D) —(d) 
Rest (R)—(r) 


Standard error of response 
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TABLE VII 


First study: Occurrence of complete bromsulphalein 
“relapses’’—253 patients 








Place and time of occurrence 





Hospital, first week of convalescence 

Hospital, 2nd week or later in con- 
valescence 

Physical Reconditioning Center 


Total “relapses” 





tabulated in Table V ** for the following defini- 
tions of “duration of illness”; 1) days from ad- 
mission to convalescence; 2) weeks*’ from ad- 
mission to convalescence ; 3) days from admission 
to the first two “normal” total serum bilirubins 
(1.5 mg. per 100 ml.); and 4) days from ad- 
mission to the last abnormal total serum bilirubin 
or bromsulphalein retention. Comparisons of the 
average responses to diet and rest with their 
standard error indicate that the statistica..y sig- 
nificant reduction in duration of illness produced 
by the forced diet is not appreciably influenced by 
these changes in definition of duration of illness. 
However, in none of these subsidiary analyses does 
the small response in favor of ad lib. rest reach the 
5 per cent level of significance. 

To determine whether the removal of patients 
from the basic data had influenced the results, the 


16 For purposes of technical simplicity the data sum- 
marized in Tables V and VI were not converted to 
logarithms before analysis, and the results are expressed 


as arithmetic means. They are slightly larger than the 
corresponding geometric means. 

17 Since the bromsulphalein test was performed once 
a week only, it was thought wise to check the results 
after the individual durations of illness had been con- 
verted from days to weeks. 
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effects of diet and rest were obtained from three 
different analyses as follows (Table VI**): 1) 
with the 7 blocks (4 patients each or 28 patients) 
containing the “eliminated patients” removed; 2) 
with only the 7 “eliminated patients” removed ; 
and 3) with the 7 patients left in and their dura- 
tions of illness estimated when necessary. It is 
apparent that the results were not influenced by 
the manner in which the problem of “eliminated 
patients” was handled. 


3.7. Laboratory relapses before return to duty 


In 17 of the 253 patients (7 per cent), equally 
distributed among the treatment groups, the brom- 
sulphalein test returned to a persistently abnormal 
level (for an average of 33 days) after the start 
of convalescence. In 30 other patients only one 
bromsulphalein test was abnormal during con- 
valescence and in eight patients the total serum 
bilirubin was abnormal for one determination 
(partial “relapse’’). 

There were thus 17 complete laboratory “re- 
lapses,” all established by bromsulphalein eleva- 
tions and occurring predominantly in the first few 
weeks of convalescence (Table VII). Two of the 
17 patients complained of transient mild malaise. 
Only 1 of the 17 had concomitant reappearance of 
hepatomegaly and in 1 the liver became transiently 
tender. The total serum bilirubin rose transi- 
ently in 2 of these 17 patients (by 0.51 and 1.02 
mg. per 100 ml., respectively), but only one de- 
termination in each of the 2 patients was above 
normal. In only 5 of the 17 was the bromsulpha- 
lein retention above 10 per cent during the “re- 
lapse.” In these 5 and in 2 of the remaining 12 
there were distinct rises in the zinc and thymol 
turbidity tests. 

The distribution of “relapses” among treatment 


TABLE VIII 


First study: Effects of treatment on occurrence of “‘relapses”’ 








Diet 





Forced 


Patients No. % 





Strict 
No. % No. % 








Number of patients 128 

Without “relapse”’ 106 §=83 
With partial ‘‘relapse”’ > i 
With complete ‘‘relapse”’ 7 6 


P = .20 


126 
92 74 a ae 
23 = 18 yy 
10 8 10 8 


P = .75 
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groups is presented in Table VIII. There is no 


evidence of any treatment effect. 


3.8 Other effects of treatment on laboratory tests 


There was a significantly more rapid fall of 
the mean serum bilirubin in the forced-diet groups 
than in the ad lib. diet groups. There was a ten- 
dency for the flocculation and turbidity tests to be 
more abnormal at the end of the acute illness in 
the forced-diet group. No effects of rest on these 
measurements were apparent. 

A. Mean serum bilirubin trends. Since labora- 
tory tests were performed at twice-weekly inter- 
vals it was possible to construct curves of the 
means over the first two hospital weeks. A longer 
period could not be examined in this manner be- 
cause an increasing number of patients recovered 
from their illness after 2 weeks. The time inter- 
vals chosen for the curves were the following: 
1 to 2, 3 to 6, 7 to 10, and 11 to 14 days after ad- 
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mission. When there were two determinations in 
any one period they were averaged. In each 
treatment group from one to three patients with- 
out at least one determination in each period were 
omitted from the analyses. 

The curves presented in Figure 10 show a more 
rapid fall in both total and prompt direct serum 
bilirubins among the forced-diet patients and no 
difference between the rest groups. The sharper 
fall in the forced-diet patients is apparent within 
the first 3 to 6 days after admission. The falls 
between the admission and 7 to 10-day values are 
presented in Table IX, and the difference in fall 
of the total serum bilirubin is significant in the 
diet comparison. 

In addition, it was found that significantly more 
patients on the ad lib. diet had rising total and 
prompt direct serum bilirubins after admission to 
the hospital (14 per cent vs. 4 per cent and 12 per 
cent vs. 4 per cent, respectively). Detailed data 
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TABLE IX 
First study: Mean fall in serum bilirubin during the first 7 to 10 days of each treatment regimen 











Diet 


Rest 








Forced 


Ad lib. 


Ad lib. 





Number of patients 127 123 


Total serum bilirubin 
(Mg. per 100 ml.) 


Admission value 
Mean fall 
S.D. 


Prompt direct bilirubin 
(Mg. per 100 ml.) 


Admission value 
Mean fall 
S.D. 





are presented in Table VIII, Appendix II. It 
should be noted that in the 23 patients with rises 
of 1 mg. per 100 ml. or more in total serum bili- 
rubin and in the 21 with rises of 0.5 mg. per 100 
ml. or more in the prompt direct serum bilirubins, 
the rises appeared from 2 to 10 days after admis- 
sion, with a mean of 4 days. This fact plus the 
early divergence of the bilirubin curves suggests 
that the diet effect began within the first week of 
treatment. 

B. Thymol turbidity, zinc turbidity, cephalin 
flocculation, and thymol flocculation. Although 
not employed in defining the duration of the acute 
illness or convalescent period, the cephalin floc- 
culation, thymol flocculation, thymol turbidity, and 
zinc turbidity tests were performed at intervals 
on all patients. The curves of the mean thymol 
and zinc turbidity values during the first 2 weeks 
are presented for comparison of the treatments 
in Figure 11. The only difference was a more 
rapid fall of the zinc turbidities in the patients on 
the ad lib. diets. It was found that in significantly 
more patients on the forced diet the zinc turbidity 
rose in the first two hospital weeks above the ad- 
mission value by 2 or more units (47 per cent vs. 
30 per cent). While more patients on the forced 
diet also exhibited rising thymol turbidity tests 
by 1 or more units (34 per cent vs. 26 per cent), 
this difference was not significant. 

The different responses in the thymol and zinc 
turbidity tests to dietary treatment are apparent in 
Table IX, Appendix II where the means on ad- 
mission, start of convalescence, and discharge are 
presented. Similar at the time of admission and 


discharge, the means of both tests were signifi- 
cantly higher at the start of convalescence in the 
forced-diet group. 

The percentages of patients in the first study 
with values above the 99 per cent upper limit of 
normality for turbidity and flocculation tests at 
the time of admission, at the start of convalescence 
and on discharge to duty are presented in Tables 
X and XI, Appendix II. A comparison of the 
two dietary regimens revealed an approximately 
equal distribution of the percentage of abnormal 
tests on admission, but in all tests a greater per- 
centage of abnormal tests were noted in the forced- 
diet group at the time of convalescence (only the 
difference in zinc turbidities was significant). 

C. Eosinophils. Eosinophil counts were per- 
formed, in duplicate, on 108 consecutive patients 
in the first study. In 80 of these patients, eosino- 
phil counts were done regularly during the first 2 
weeks of hospitalization and these data are pre- 
sented in Table XII, Appendix II. No striking 
differences are observed in the diet or rest com- 
parisons. 

D. Biopsies. Liver biopsies were not planned 
as an integral part of the study because it was 
feared that their performance might often inter- 
fere with a patient’s adherence to his prescribed 
treatment. However, they were done for purposes 
of clinical evaluation on the 43 patients whose 
bilirubin or bromsulphalein tests had not reached 
normal by the start of the sixth hospital week. In 
all of the biopsies there was some residual evi- 
dence of hepatitis; in half there was some evi- 
dence of “post-necrotic collapse,” and in 37 per 
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cent there was mild fatty metamorphosis. There 
was no association between the incidence of these 
abnormalities and either the treatment group or 
the reason for the biopsy (prolonged elevation of 
the bilirubin or bromsulphalein tests). 


3.9 Effects of treatment on symptoms and signs 


Since each treatment regimen was on a differ- 
ent ward with a different doctor, subjectively 
collected information such as symptoms and signs 
were given little or no weight as criteria for the 
evaluation of treatment effects. It was hoped, 
however, that such information might, if collected 
in a standard manner, add something to the analy- 
ses of the responses to treatment. Differences 
were noted in the disappearance rate of various 
symptoms and signs in most of the comparisons 
made. Although tending to favor the forced-diet 
and ad lib. rest groups the differences may well 


have been associated more with “doctor effects” 
than with the treatment employed. 

A. Symptoms. The data are summarized in 
Table XIII, Appendix II. Because of the pos- 
sible “doctor effects” (see also Section 3.4) no 
significance tests have been applied to the results. 
Figures 12-15 are included in the text to illustrate 
the general trend of symptoms and the fact that 
there were no striking differences between the 
treatment groups. The data suggest that the 
forced-diet and ad Kb. rest patients lost their 
symptoms slightly more rapidly than the ad hb. 
diet and forced-rest patients. 

B. Liver size and tenderness. The occurrence 
of liver enlargement and tenderness during the 
first three hospital weeks is illustrated in Figures 
16 and 17 and in Table XIV, Appendix II. Ad 
lib. rest had no demonstrable effects upon the size 
and tenderness of the patients’ livers. Liver en- 
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largement seemed to diminish more rapidly in the 
forced-diet group. 

C. Splenomegaly and spider angiomata. A\l- 
though the incidence of splenomegaly and spider 
angiomata might be considerably influenced by 
“doctor effects,” their occurrence on admission 
was so rare that the importance of “doctor effects” 
could not be evaluated. The distributions of these 
abnormalities by treatment groups are presented 
in Table XIV, Appendix II. The only suggestive 
difference is a higher incidence of spider angiomata 
in the forced-diet and ad lib. rest groups. Since 
the doctors on the two wards responsible for these 
differences in the first study also found, in the 
second study, more spider angiomata than the 
other two doctors, this difference may represent 
a “doctor effect.” 
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D. Body weight. The mean weight gains for 
each treatment group (Table XIV, Appendix II) 
demonstrate a more rapid gain in weight, in the 
first 2 weeks only, in the forced-diet group. The 
data were not compiled after the third hospital 
week because the curves would have been distorted 
by the unequal numbers of patients recovering in 
each treatment group. 


3.10 The effects of ambulation, the “pack” physi- 
cal fitness test and physical reconditioning 
on symptoms, signs, and liver function tests 


Recurrent abnormalities in symptoms, signs and 
liver function tests have frequently been attributed 
to the mobilization of a patient who has been at 
strict bed rest, or to exercise begun too early in 
the convalescent period (1, 12). The first study 
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offered an opportunity to re-examine these con- 
cepts in a controlled manner while at the same 
time gathering information about the relative 
ability of patients at strict and ad lib. rest to per- 
form exercise during the convalescent period. In 
summary, no changes following ambulation could 
be demonstrated; the ad lib. rest patients were 
better able to perform physical exertion during the 
convalescent period, and strenuous exercise re- 
sulted in no apparent deleterious effects. 

A. The effects of ambulation. For each of the 
126 patients on the bed rest wards, the symptoms, 
liver size and tenderness, and the serum bilirubin 
and bromsulphalein levels at the start of convales- 
cence and at the end of the first and second weeks 
of progressive ambulation were recorded. The 
same data during the equivalent period were tabu- 
lated for the 127 patients who were ambulatory 
ad lib. throughout their illness. 

Many of the patients still had abnormalities 
considered by some (3, 5, 28) to be distinct indi- 
cations for continuation of bed rest. Ambulation 
was begun as soon as the total serum bilirubin 
reached 1.5 mg. per 100 ml. instead of the usual 
1.0 mg. per 100 ml. (3, 28). The mean serum 
bilirubins and bromsulphalein retentions at the 


time of ambulation are presented in Table XV, 
Appendix II. Forty-eight per cent of the bed 
rest patients had total serum bilirubins above 1.0 
mg. per 100 ml. In 72 per cent the prompt direct 
bilirubin was above 0.25 mg. per 100 ml., in 6 
per cent the bromsulphalein retention in 45 min- 
utes was over 5 per cent.'* The cephalin floccula- 
tion was abnormal in 18 per cent, the thymol floc- 
culation in 40 per cent, the thymol turbidity in 42 
per cent and the zinc turbidity in 18 per cent. 
Fifty-six per cent still had enlarged livers and in 
4 per cent tenderness of the liver was still present. 

In the strict bed rest group, fluctuations in the 
incidence of each of these abnormalities occurred 
after the start of ambulation. These might have 
been attributed to the change in treatment if they 
had not occurred with equal frequency in the ad 
lib. rest group whose ambulatory status was un- 
changed throughout this period. Data illustrating 
this fact are presented in Table XV, Appendix IT. 

No patient developed recurrent jaundice dur- 
ing this period. Laboratory “relapses” occurred 
during the 2 weeks after the start of convalescence 

18In patients with persistently abnormal bromsul- 


phalein retention, convalescence began, by definition, 4 
weeks after their total serum bilirubins were normal. 
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more often in the bed rest group (5.6 per cent vs. 
2.4 per cent) but this difference is not significant. 
A rise in the serum bilirubin or bromsulphalein 
tests, an increase in liver size, or a return of ten- 
derness or symptoms, occurred jointly in the same 
patient no more often than might have been ex- 
pected by chance. Thus there was no evidence 
that the mobilization of bed rest patients resulted 
in any important clinical or laboratory abnor- 
malities. 

B. Results of the pack test of physical fitness. 
To determine whether the ad lib. rest patients 
were better able to perform strenuous physical 
exertion early in convalescence, and whether such 
exertion might have a deleterious effect on either 
group of patients, the pack test as described by 
Johnson, Brouha, and Darling (29) was applied 
to 125 of the patients during the second week of 
cony ‘escence. The test consisted of stepping onto 
a bench 20 inches in height every 2 seconds for 5 
minutes. Because of the early fear that relapses 
might be precipitated by such exercise, the test 
was performed on the first day without a pack, 
2 days later with one-half the required pack, and 


2 days after that with the full pack (weighing one- 
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third the subject’s weight). The third test was 
scored by the method described by Johnson, 
Brouha, and Darling (29), taking into account 
the length of time the patient could continue the 
test, and the pulse rate on its completion. 

A comparison of the scores attained by the 70 
strict bed rest and 55 ad lib. rest patients who 
were subjected to the third test is presented in 
Figure 18. There is considerable overlap between 
the two groups, but the mean score of the ad lib. 
group is significantly higher (P = 0.001) than 
that of the strict bed rest group. The fact that the 
tests were performed almost 2 weeks after the 
start of convalescence makes the difference be- 
tween the two groups more impressive than it ap- 
pears on the chart. On the other hand, this was a 
subsidiary study for which patients were selected 
according to their availability at a given time 
rather than at random, and the results, while of 
interest, may not be as reproducible as implied by 
the significance test. 

A compilation of the results of serum bilirubin 
and bromsulphalein tests and physical examina- 
tion performed on the day after the third test re- 
vealed no difference between the two groups of 
patients. 

C. The effects of strenuous physical recondition- 
ing. Two hundred and two patients were trans- 
ferred to the Physical Reconditioning Center at 
Nara (subsequently referred to as the P.R.C.) 
before their return to active duty. The remaining 
patients, for various administrative reasons, were 
sent directly to duty on discharge from the hos- 
pital. The patients were discharged from the hos- 
pital to the P.R.C. from the 12th to the 79th day 
after convalescence, the average being 26 days. 
The means and ranges of total and prompt direct 
serum bilirubin values on discharge to the P.R.C. 
are presented in Table XVI, Appendix II. A 
physical and laboratory check-up was usually per- 
formed once during the 10 to 14 days the patients 
were at the P.R.C. Only two patients had asymp- 
tomatic bromsulphalein relapses commencing dur- 
ing physical reconditioning. Although the system 
of following patients at the P.R.C. in the first 
study was not well organized and there were no 
control groups of patients, there was no evidence 
that strenuous exercise during this stage of con- 
valescenve nad any deleterious effects. 
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3.11 Summary of the results of the first study 


1. Verification of adherence to the regimens of 
rest and diet revealed the treatment groups to be 
distinctly dissimilar, 

2. Numerous checks on the method of randomi- 
zation revealed it to have been effective. 

3. The removal from the basic data of 7 of the 
original 260 patients did not change the results. 

4. Several analyses of the effects of diet and 
rest on the duration of the acute illness revealed 
the following : 

a) The patients allowed out of bed ad Hib. but 
confined to their hospital ward had a slightly 
shorter duration of illness than those kept at strict 
bed rest. 

b) The patients forced to eat a diet containing 
a minimum of 3000 calories and 150 grams of 
protein supplemented with choline and Multivita- 
min capsules, had an illness 22 per cent or 6 days 
shorter in duration than those who were allowed 
to eat the regular hospital diet ad ib. This dif- 
ference was highly significant. 

c) There was no interaction between the effects 
of diet and rest. 

5. Asymptomatic bromsulphalein relapses oc- 
curred in 7 per cent of the patients during the ob- 
servation period and were equally distributed 
among the treatment groups. 

6. There was a significantly more rapid fall 
of the mean serum bilirubins in the forced-diet 
group than in the ad lib. group. There was a 
tendency for the flocculation and turbidity tests to 
be more abnormal at the end of the acute illness 
in the forced-diet group, but these tests were the 
same in both groups at the time of discharge. 

7. The various treatments had no striking ef- 
fects on the patients’ symptoms and signs. 

8. Ambulation of the strict bed rest patients 
while they still had some abnormalities in physical 
signs or liver function tests was not followed by 
demonstrable deleterious effects. 


PART FOUR 
SECOND STUDY: THE EFFECTS OF VARIOUS DIETARY 
COMPONENTS 
4.1 Design 


The purpose of the second study was to deter- 
mine which of the dietary factors—total calories, 
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protein content, or choline and vitamin supple- 
ments—were responsible for the reduction in 
duration of illness achieved by the forced diet in 
the first study. The design is diagrammed in 
Figure 23. On the second floor of the hospital, 
the patients were forced to eat within a range of 
+ 10 per cent of 4000 calories and on the 4th floor 
+ 10 per cent of 3000 calories. On the wards at 
one end of the hospital the diet was composed of 
19 per cent protein calories (140 and 190 gm. + 10 
per cent) and at the other end 11 per cent protein 
calories (80 and 110 gm. + 10 per cent). Half 
of the patients on each ward were given 3.9 grams 
of choline dihydrogen citrate and 6 Multivitamin 
capsules daily, and the other half received place- 
bos.*° All patients were allowed to be up and 
about their wards ad lib. 

The primary purpose of this treatment plan 
was to determine if an abundance of each dietary 
factor had any advantage over an adequate or 
“normal” amount. Although there was some 
retrospective evidence from the first study sug- 
gesting that lower than “normal” intakes in the 
acute phase of the disease were usually followed 
by a prolonged illness, it was considered unwise 
to investigate this effect in the second study be- 
cause definite restriction of intake below “normal” 
in one group of patients would have been required. 
Since such restriction might well have been harm- 
ful, and certainly difficult to achieve, it was de- 
cided to accept the results of the first study as 
indicating that forcing to a “normal” level of in- 
take is advantageous in the anorectic phase of the 
disease, and attempt to determine in the second 
study whether high levels of calories, protein, 
or choline and vitamins have any advantage over 
“normal” amounts. 

The criteria for admission were the same as in 
the first study, and patients were assigned to 
treatments in blocks. Although there were eight 
treatment groups, it seemed desirable to restrict 
the size of each block to four patients in hopes 
that such a small block would be more homo- 
geneous on admission than would a block of eight. 
Each complete set of eight treatments was there- 
fore composed of two kinds of blocks, as follows: 


19 For supplying the choline dihydrogen citrate tablets 
and their placebos the authors wish to thank Dr. George 
R. Hazel, Abbott Laboratories, North Chicago, IIl. 





1186 


Type A 
High calories, high protein, supplements (CPS) 
“Normal” calories, high protein, placebos (cPs) 
High calories, “normal” protein, placebos (Cps) 
“Normal” calories, “normal” protein, supplements (cpS) 


Type B 
High calories, high protein, placebos (CPs) 
“Normal” calories, high protein, supplements (cPS) 
High calories, “normal” protein, supplements (CpS) 
“Normal” calories, “normal” protein, placebos (cps) 


It was necessary to randomize the chronologi- 
cal order in which the two kinds of blocks were 
filled as well as the order of assigning four con- 
secutive patients to the treatments in each block. 
These assignments were made with the use of a 
table of random numbers before the study began. 
Two hundred patients were admitted to the study 
in 50 blocks, 25 of each type. 

The same four wards were used in the second 
study as in the first. An opportunity was afforded 
to control partially the unknown effects of the 
physician on the course of his patients’ hepatitis 
by assigning the doctors to different wards. Those 
who cared for the second floor, forced-fed patients 
in the first study moved to the fourth floor where 
the diets contained fewer calories and less pro- 
tein than the corresponding second floor diets, and 
vice versa. 


4.2 Rest regimen 


All patients in this study were allowed to be 
out of bed ad lib. except for a 1 hour rest period 
after each meal. They were confined to their 
hospital wards until the start of convalescence. 
Recording of the amount of time each patient 
spent in bed was performed as on the ad lib. rest 
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wards in the first study, and the results 


similar. 


4.3 Dietary regimens 


The content of each of the four basic diets is 
presented in Table X and Figure 19. It is ap- 
parent that as percentage of protein was decreased 
each caloric level was maintained by adding car- 
bohydrate, and that at a constant percentage of 
protein calories the total calories were decreased 
by reducing the amounts of all three dietary sub- 
stances. In terms of protein content in grams 
there were four different diets; in terms of per- 


TABLE X 
Second study: Contents of a typical day's diet on each of the four wards * 








Methio- 
CHO Pro Fat nine 
Calories gm. gm. gm. gm. gm. 


3,992 357 191 200 1.73 
2,986 296 140 138 0.88 
4,010 446 111 198 0.70 
3,002 406 79 118 0.38 


Choline 
baset 


Thiamin Niacin Vit. C 
mg. ; mg. mg. 
28.8 105 
24.2 112 
19.5 115 
20.3 201 


Vit. A 
LU. 





15,000 
13,000 
14,000 
12,000 


Ward 23 (CP) 
Ward 43 (cP) 
Ward 21 (Cp) 
Ward 41 (cp) 





* Suppiements were administered to half the patients on each ward as follows: 


Vitamin A 15,000 USP units Riboflavin 

Vitamin D 1,200 USP units Vitamin C 

Thiamin 6 mg. Nicotinamide 
Choline baset 


t To convert to choline chloride multiply by 1.3 and to choline dihydrogen citrate by 2.4. 


9 mg. 

225 mg. 

60 mg. 
1.6 gm. 
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centage of protein tnere were two levels. The fat 
content varied with the calories but when averaged 
over calories was essentially the same at the two 
percentages of protein levels. In the second study 


all food portions were weighed individually and 
the smaller number of patients on the wards al- 
lowed for closer supervision of each patient’s 
intake. 
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The narrow distribution of caloric and protein 
intakes on the first and eighth hospital days are 
illustrated in Figures 20 and 21. This is in con- 
trast to the wide range of intakes in both the 
forced and ad lib. dietary groups of the first study 
(see Figures 6 and 7, Section 3.3). Also differ- 
ent from the first study are the dietary trends 
presented in Figure 22. Except for a small rise 
between days 1 and 4 the mean dietary intakes in 
this study are constant throughout. Here again 
it can be seen that the fat content of the high and 
“normal” protein diets is the same. 

To maintain the dietary intakes within the pre- 
scribed limits, 22 patients had to be tube-fed in 
the second study—15 for 1 day only, 5 for 2 days, 
1 for 3 days, and 1 for 4 days. Seventeen of the 
tube-fed patients were on the 4000-calorie ward 
and 5 on the 3000-calorie ward. 


44 Effectiveness of the randomization 


Analysis of numerous variables revealed the 
randomization to have been effective. Tests for 
the effectiveness were carried out in a manner 
similar to that used in the first study (Section 
3.4). Because of the smaller number of patients 
assigned to each group, a single “chi-square” test 
could not be used to test for differences in the 
percentage distribution of a qualitative variable 
over the eight treatment groups. Therefore, two 
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“chi-square” tests were used for each of 21 quali- 
tative items—one for a comparison of differences 
among the four wards and the other for within- 
ward comparison of the group of patients given 
supplements (S) with those given placebos (s). 
Differences among the means of the eight treat- 
ment groups were tested for significance in an 
“analysis of variance” for each of 15 quantitative 
variables. In the case of those variables which 
showed significant differences, a separate “within- 
ward” comparison was also made between the 
means of the “supplement” and “placebo” groups. 

Details of the significance tests applied to 36 
variables are presented in Table VI, Appendix II. 
Among the 14 variables thought unlikely to be 
influenced by “doctor effects,” only one, race, 
showed significant differences among the treat- 
ment groups. On the other hand, among the vari- 
ables thought to be subject to “doctor effects,” 13 
out of 22 showed significant “between-ward” dif- 


ferences, while in no instance was the “within- 
ward” difference significant. 


4.5 Elimination of patients from the study 


The data on 11 of the 200 patients were re- 
moved from the basic analyses for the following 
reasons: Three patients were misdiagnosed, of 
whom two probably had amebic hepatitis and one 
was thought to have chronic hemolytic jaundice. 
Observations on the last eight patients admitted to 
the study were interrupted in order to hasten com- 
pletion of the study. A description of each pa- 
tient is presented in Table VII, Appendix II. 


4.6 The effects of treatment on duration of illness 


As in the first study (Section 3.6) logarithms of 
the durations of illness were used in the basic 


analyses of the second study. The geometric 
means of the durations of illness (from admission 
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Since basic calculations were performed in logarithms, the means in this 
figure are geometric. 


TABLE XI 
Second study: Responses to treatment: Percentage reduction in duration of illness—168 patients 








Average 
response 


Response with: 





Protein 


Calories 


Supplements 





High “Normal” 





High “Normal” 


Added Placebos 





Treatment 
comparison 
% reduction 
Protein (Absolute 
difference)* 
95% confi- 
dence limits 


P)- 
Pr) 
(—4 days) 


—2% to 
—24% 


CP)-(C P)- 
(CP)-(Cp) (cP )-(cp) 


(—4days) (—4days) 


PS)- Ps)- 
ae. Pole) 


(—7days) (—2 days) 





Treatment 
comparison 
& reduction 
Calories (Absolute 
difference)* 


95% confi- 
dence limits 


(C)-(c) 
—6% 
(—2 days) 


+8% to 
-—17% 


CP)-(cP) (Cp)- 
( Piso » ¢ Pra?) 


(-—1day) (—2days) 


(Cs)—(cs) 
—4fo 


(—0.5 day) 


(CS)-(cS) 
-—9% 


(—3 days) 





Treatment 
comparison 
% reduction 
Supple- (Absolute 
ments difference)* 
5% confi- 
dence limits 


(S)-(s) 


(+0.5 day) 


+10% to 
—14% 


PS)-(P; - 
( =" g s) OS) 


(—2days) (+3days) 


(CS)-(Cs) (cS)-(cs) 
—2% -6% 


(—O0.5day) (+2days) 





Treatment levels: C—high calories ; c—‘“‘normal”’ calories ; P—high protein; p—‘‘normal’’ protein ; S—supplements ; 


s—placebos. 


* The sign of each absolute difference indicates the favorable treatment. 
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to the start of convalescence) for the eight treat- 
ment groups and the major treatment combina- 
tions are presented in Figure 23. The effects of 
caloric intake, protein composition, and dietary 
supplements on the duration of illness are shown 
in Table XI as comparisons among the means of 
Figure 23. 

The average response to “calories” was a 6 per 
cent reduction in duration of illness in favor of the 
high-calorie diet. That this small difference is not 
statistically significant at the 5 per cent level is 
demonstrated by the 95 per cent confidence lim- 
its of +8 per cent to — 17 per cent. The “true” 
effect of the high-calorie diet might be anything 
from an 8 per cent increase to a 17 per cent de- 
crease in duration of illness relative to the dura- 
tion produced by the “normal”-calorie diet. 

The average response to the protein content of 
the diet was a 14 per cent reduction in duration of 
illness achieved by the high-protein diet with 95 
per cent confidence limits of — 2 per cent to — 24 
per cent. This result is significant at the 5 per 
cent level although the “true” effect may lie any- 
where on the rather wide confidence interval. 


The average response to supplements was 
negligible, a 2 per cent reduction favoring the 
placebos with 95 per cent confidence limits of 


+10 per cent to —14 per cent. The differential 
responses to each treatment factor at the two 
levels of each of the other factors are also shown 
in Table XI. Although there is a qualitative sug- 
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gestion of interactions between protein and sup- 
plements and between calories and supplements, 
neither of the interaction terms is significant at 
the 5 per cent level. 

The logarithmic data in Table XII correspond 
to the percentage results in Table XI. Standard 
errors are given for the average responses and the 
differential responses. Since each of the differ- 
ential responses is a comparison among only four 
of the eight treatment groups, the standard error 
of these responses is greater than that for the 
average responses. Because of this loss of preci- 
sion in testing the differential responses, only one 
of the four protein comparisons is significant at 
the 5 per cent level. However, the average re- 
sponse to proteins, based on a comparison among 
all eight treatment groups, just exceeds two stand- 
ard errors, i.¢., is significant at the 5 per cent level. 
None of the differential responses to calories or 
supplements approach significance. 

Several subsidiary analyses were also done, 
comparable to those used in the first study. The 
results are shown in Tables XIII and XIV. The 
mean values in these tables are arithmetic means. 
The results are similar to those of the basic 
analyses, irrespective of the definition of treat- 
ment effect or the manner of handling the problem 
of “eliminated patients.” Note, however, that in 
the analyses based on the first normal bromsul- 
phalein retention the average response to protein 
is not significant at the 5 per cent level. 


TABLE XII 
Second study: Responses to treatment: Logarithms of ratios of geometric mean durations—168 patients 








Response with: 





Protein 


Calories Supplements 





Average 
Factor response High 


“Normal” 


High “Normal” Added Placebos 





Treatment 
comparison 

Logarithm of 
ratio 


(P)/(p) 
—0.0647 


Protein 


(PS)/(pS) 
—0.1042 


(Ps)/(ps) 
—0.0252 


(cP)/(cp) 
—0.0669 


(CP)/(Cp) 
—0.0625 





Treatment 
comparison 
Logarithm of 


ratio 


(C)/(c) 


—0.0247 —0.0225 


(CP)/(cP) (Cp)/(cp) 
—0.0269 


(CS)/(cS) 
—0.0420 


(Cs)/(cs) 
—0.0074 





Treatment 
comparison 

Logarithm of 
ratio 


(PS)/(Ps) 
—0.0307 


(S)/(s) 
+0.0088 


Supple- 
ments 


(pS)/(ps) 
+0.0483 


(CS)/(Cs)  (cS)/(cs) 
—0.0085  +0.0261 





Standard error of response +0.0293 


+0.0414 
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TABLE XIII 
Second study: Responses to treatment: Influence of various definitions of the duration of illness—168 patients 








Mean duration of illness from admission to: 





First Last 
normal abnormal ¢ 

BSP TSB or BSP 

days days 


29 
28 
30 
32 
35 
36 
37 
33 


33 


First 
Convalescence* normal 
TSB 





Treatment group days weeks 





ad 
w 


CO BIwWOOWRE 


High calories, high protein, supplements 
High calories, high protein, placebos 
“Normal” calories, high protein, supplements 
“Normal” calories, high protein, placebos 
High calories, “‘normal’’ protein, supplements 
High calories, ‘ ‘normal” protein, placebos 
ormal” calories, ‘“‘normal”’ protein, supplements (08) 
“Normal” calories, ‘ ‘normal’”’ protein, placebos cps) 


OPP PRR 


Overall mean 


Average response to: 

(P)—(p) —6 —0.8 4 —5 —6 
(C)-(c) —2 —0.2 —1 —1 —3 
—1 —0.1 —2 at —1 


2.2 “ £0.3 +1.5 +3.0 +2.9 


Protein 
Calories 
Supplements (S)-—(s) 


Standard error of response 





* By prior definition the acute illness ended and convalescence started as soon as the total serum bilirubin had been 
1.5 mg./100 ml. or less twice and the bromsulphalein retention 5% or under once, and could be prolonged by a per- 
sistently elevated bromsulphalein test by no more than 4 weeks after 2 normal serum bilirubins. 

ft Includes all ‘‘relapses” during convalescence in hospital and at Physical Reconditioning Center. 


TABLE XIV 


Second study: Treatment groups compared according to various methods of handling ‘‘eliminated patients’’: 
Mean duration of illness from admission to convalescence in days 








Replicates 

containing 

“eliminated 
patients” 
removed 


“Eliminated All 
patients” only patients 


Treatment group removed included 





(CPS) 
(CPs) 
(cPS) 
(cPs) 


High calories, high protein, supplements 
High calories, high protein, placebos 
“Normal” calories, high protein, supplements 
“Normal”’ calories, high protein, placebos 
High calories, ‘‘normal’’ protein, supplements (CpS) 
High calories, ‘‘normal” protein, placebes (Cps) 
“‘Normal”’ calories, “‘normal” protein, supplements (cpS) 
“‘Normal”’ calories, ‘“‘normal’”’ protein, placebos (cps) 


Average response to: 
Protein (P)-(p) 
Calories (C)-(c) 
Supplements (S)-(s) 

Standard error of response 


Number of patients 





4.8 Other effects of treatment on laboratory tests 


4.7. Laboratory “relapses” 


The mean serum bilirubins and bromsulphalein 
retentions fell more promptly in the high-protein 
group. No dietary effects on the other laboratory 


The distribution of “relapses” among dietary 
regimens is presented in Table XV. None of the 
differences are significant. As in the first study, 


recurrent jaundice was never observed during con- 
valescence. 


tests were demonstrated. 
A. Trends of mean serum bilirubin and brom- 
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TABLE XV 
Second study: Occurrence of ‘‘relapses’’ by treatment regimen 








Complete ‘‘relapse”’ 
Total 
No. % 


Partial ‘‘relapse”’ 
Total 
No. % 
a5 36 
y ) ee 


16 17 
20 «21 


18 19 
18 19 








Number of 
patients 


0. 
94 9 6 
95 8 13 


95 1 5 
94 14 


95 


TSB* BSPt 
N No. 





High protein 
“Normal” protein 


High calorie 
“Normal” calorie 


Supplements 


9 
10 


lace’ 94 





* Total serum bilirubin only abnormality. 
t Bromsulphalein retention only abnormality. 


sulphalein retention. As in the first study, there 
were distinct differences among the dietary regi- 
mens in the curves of the mean prompt direct and 
total serum bilirubins during the first 2 hospital 
weeks (see Figure 24). In the protein compari- 
son the difference was striking in favor of the 
high-protein diets and was confirmed statistically 
by comparing the mean changes between admis- 
sion and the 11 to 14-day period (Table XVI). 
In addition, a significantl,; greater percentage of 
patients on the “normal”-protein diets had rises 


in serum bilirubin after admission (Table VIII, 
Appendix II). There were no differences be- 
tween the high- and “normal”-calorie groups by 
these three criteria. Those receiving choline and 
vitamin supplements had slightly more rapid falls 
than the patients receiving placebos. This was 
not confirmed by significant differences between 
the mean falls from admission to the 11 to 14-day 
period, but significantly more patients receiving 
placebos did have rises in both total and prompt 
direct serum bilirubins. 





PRCTEIN 


¥ NORMAL 
~ 
in 








SECOND STUDY 


THE EFFECTS OF DIETARY COMPONENTS ON THE 
MEAN SERUM BILIRUBIN 


CALORIES 


SUPPLEMENTS 


SUPPLEMENTS 





i 





1 1 1 1 
1-2 3-6 7-10 11-14 


MEAN SERUM BILIRUBIN (MGS.%) 


PROMPT DIRECT 








1 1 
7-10 11-14 








1 4 
7-10 11-14 1-2 





i 
3-6 
HOSPITAL DAY 


1 i 1 1 4 4 
7-10 H-14 = 1-2 3-6 7-10 I-14 








Ficure 24 
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TABLE XVI 
Second study: Mean fall in serum bilirubin during the first 11 to 14 days of each treatment regimen 








Protein 





High “Normal” P 


Calories 
“Normal” 


Supplements 
Added Placebos P 








High 





Number of patients 


Total serum bilirubin 


Admission value 
Mean fall 
S.D. 


Prompt direct serum bilirubin 


Admission value 
Mean fall 


92 


8.60 
5.76 


4.90 
3.50 
2.56 





In the second study tke bromsulphalein test 
was performed on admission and at weekly inter- 
vals after the total serum bilirubin reached 1.5 mg. 
per 100 ml. or less. The data in Table XVII 
show that bromsulphalein excretion also tended to 
improve more rapidly on the high-protein diet. 

B. Thymol turbidity, zinc turbidity, cephalin 
flocculation, and thymol flocculation. Trends of 
the mean thymol and zinc turbidity values during 
the first 2 weeks did not show any differences 
among the dietary regimens. Comparisons of the 
number of patients in whom tests rose in the 
first 2 weeks likewise showed no difference. There 
were also no differences among the treatment 
groups in the mean values for the thymol and zinc 
turbidity tests on admission, at convalescence, and 
on discharge to duty (Table IX, Appendix IT). 

The percentages of patients with values above 
the 99 per cent upper limit of normality at the 
time of admission, at any time during the hospital 


course, at convalescence and on discharge to duty 
are presented in Table X, Appendix II. With the 
exception of a higher percentage of abnormal 
cephalin flocculations at the time of convalescence 
in the “normal”-protein group when compared to 
the high-protein group (P = 0.05), there were 
no differences. This one significant difference 
was the only one encountered out of 75 signifi- 
cance tests performed in this group of analyses and 
therefore is probably a chance occurrence. 

C. Serum cholinesterase. Serum cholinesterase 
values were abnormally low on admission. The 
mean for all patients in the second study was 0.64 
pH per hr., which is significantly different from 
0.80, the mean for the 279 “normal” soldiers 
(S.E. of the difference = 0.02). During the hos- 
pital course the serum cholinesterase values 
showed a general trend to higher levels which 
were comparable in the several calorie and pro- 
tein groups (Table XII, Appendix IT). 


TABLE XVII 


Second study: Mean bromsulphalein retention (per cent in 45 minutes) on admission and during the two weeks 
after total serum bilirubin became nor 








Protein 


“Normal” 





Supplements 
Added Placebos P 


Calories 
“Normal” 








High 





Number of patients 95 
Admission value 45.8 
S.D. 13.0 
First week 
after normal TSB 
S.D. 


Second week 
after normal TSB 
S.D. 


44.7 
15.8 


7.0 
5.4 


5. 
4. 
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49 Effects of treatment on symptoms and signs 


As discussed previously (Section 3.6) the influ- 
ence of “doctor effects” on the data obtained for 
symptoms, liver size and tenderness, splenomegaly 
and spider angiomata was so great that attempts 
to interpret differences in these factors in terms 
of treatment effects seem unwarranted. Data 
from the second study are presented in Tables 
XIII and XIV, Appendix II. There are no strik- 
ing differences. 

The weight changes during the first 3 hospital 
weeks are presented in Table XIV, Appendix II. 
The patients on the high-calorie diets gained more 
weight than the “normal”-calorie group during 
the first 2 weeks only. 


4.10 Summary of the results of the second study 


1. Carefully collected dietary data demonstrated 
strict adherence to the prescribed diets. 

2. Numerous checks on the method of randomi- 
zation showed it to have been effective. 

3. Several analyses of the effects of caloric in- 
take, protein composition of the diet, and supple- 
mentary choline and vitamins on the duration of 


acute infectious hepatitis revealed the following: 

a) Patients fed a high-protein diet (19 per cent 
protein calories) throughout their illness had a 
mean duration of illness 14 per cent shorter than 
the duration of patients fed a “normal”-protein 


diet (11 per cent protein calories). The prob- 
ability that a difference of this size or greater 
might occur by chance is less than one in twenty. 

b) Patients fed a high-calorie diet (4000 cal.) 
did not have a significantly shorter duration of 
illness than those fed a “normal”-calorie diet 
(3000 cal). 

c) Patients given supplementary choline and a 
Multivitamin preparation did not have a shorter 
duration of illness than patients who were given 
placebos. 

d) There were no demonstrable interactions 
among the three dietary factors. 

4. Asymptomatic bromsulphalein and serum 
bilirubin relapses occurred in 4 per cent of the 
patients without any significant differences among 
the treatment groups. 

5. There were significantly more rapid falls of 
both total and prompt direct serum bilirubins in 
the high-protein groups than in the “normal”-pro- 
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tein groups. Questionably more rapid falls were 
observed in patients receiving supplements as 
compared with those given placebos. 


PART FIVE 


THIRD STUDY: *° THE EFFECTS OF STRENUOUS EX- 
ERCISE DURING CONVALESCENCE 


5.1 Design 


The purpose of the third study was to deter- 
mine if the duration of hospitalization could safely 
be shortened by eliminating the 1 to 3 weeks usu- 
ally necessary for patients to recuperate from the 
effects of strict bed rest. Half of the second study 
patients, all of whom had been at ad lib. rest, were 
accordingly started on strenuous physical recon- 
ditioning as soon as their total serum bilirubins 
reached 1.5 mg. per 100 ml. or less, and their 
bromsulphalein retentions were 5 per cent or less. 
The other half were observed in the hospital as 
controls. The patients in the early exercise group 
developed significantly more minor abnormalities, 
but these were considered of little clinical impor- 
tance because they disappeared while exercise was 
continued. 

Following admission to one of the eight treat- 
ment groups of the second study by the procedure 
outlined in Section 4.1, half of the patients in each 
dietary group were randomly assigned to each of 
the two exercise groups. The randomization was 
restricted to pairs in order to keep the two groups 
equal in size as the second study progressed. 

All patients in the second study were trans- 
ferred to the Physical Reconditioning Center 
(P.R.C.) at Nara, Japan, in either an “early” or 
a “late” group. Elective operations and dental 
work were not done until after the patients had 
completed their reconditioning program. Trans- 
fer was requested for patients in the “early” group 
as soon as they fulfilled the criteria for the start 
of convalescence (total serum bilirubin below 1.5 
mg. per 100 ml. and bromsulphalein retention in 
45 minutes below 5 per cent). Various adminis- 
trative procedures then resulted in a delay of 1 
to 7 days before actual transfer took place, the 
average interval being 3 days for the “early” 


20For his help in the performance of this study the 
authors wish to thank Hunter A. Soper, Ist Lt., M.C., 
U.S.A.R. 
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group. Transfer was requested for the “late” 
group on the 8th day of convalescence and these 
patients were actually transferred, on the average, 
on the 12th day. As shown in Table XVI, Ap- 
pendix II, the mean serum bilirubin levels at 
the time of transfer of the “early” group are 
significantly higher than those of the “late” group, 
and the latter are significantly higher than the 
values of the first study patients at the time of 
transfer. The mean serum bilirubin levels of all 
three groups of patients, at the start of exercise, 
were significantly higher than normal. 

At the P.R.C. the hepatitis patients joined in 
the active reconditioning program designed for 
all patients convalescing from hospitalization in 
Southwest Japan. The mornings were spent at- 
tending classes and movies, engaging in various 
types of graduated calisthenics and reconditioning 
exercises, and taking part in short marches and 
drills in the camp area. On Mondays the subjects 
took a 7.5-mile, 3-hour hike over flat terrain. On 
Wednesdays they took a 5-mile march in 2 hours 
over rougher terrain, and on Fridays they were as- 
signed a 9.5-mile road march over rugged moun- 
tain terrain to be completed in 34% hours. On 


Tuesdays, Thursdays, and Saturdays, they par- 
ticipated in organized athletics such as basketball, 


volley ball, soccer, and soft ball. There were no 
restrictions on week-end and evening passes. A\I- 
though patients were admonished not to drink al- 
coholic beverages, no action was taken if they 
chose to disregard the warnings. 

Although the reconditioning program was de- 
signed to allow increasing activity from the be- 
ginning to the end of each week, many of the pa- 
tients were transferred at the middle or end of 
the week, and thus engaged in the more strenu- 
ous exercise immediately. Patients in the “early” 
group were kept at the P.R.C. for a total of 2 
weeks so that they might be under observation the 
same length of time as the “late” group trans- 
ferred approximately a week later. Between 
convalescence and transfer to the P.R.C. those 
in the “late” group were allowed ad lib. activity 
throughout the hospital. 

Patients were seen twice a week by one of the 
authors or by a doctor of the P.R.C. staff. A 
brief history and physical examination were per- 
formed and the same observations made as de- 
scribed in Section 2.4. The bromsulphalein test 
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was done weekly and blood for other liver func- 
tion tests was drawn twice a week. The tests 
were performed in the same laboratory (Kyoto) 
as were those of the first and second studies. The 
resulting data were analyzed with respect to three 
time periods as follows: 

Period I: The week immediately preceding 
convalescence, including three semi-weekly days 
on which clinical or laboratory observations were 
made. 

Period II: The first week of exercise at the 
P.R.C. for the “early” group and the last week in 
the hospital before transfer for the “late” group. 
For most patients there were two observations in 
this period. 

Period III: The second week of strenuous ex- 
ercise for the “early” group and the first week at 
the P.R.C. for the “late” group. 


5.2 Elimination of patients from the study 


Although 192 patients were included in the 
original randomization as performed on admission 
to the second study, 10 patients have been ex- 
cluded from the third study analyses for the 
following reasons: Three patients (one in the 
“early” group, two in the “late”) were demon- 
strated after admission not to have infectious hepa- 
titis. Three patients still had abnormal brom- 
sulphalein tests 120 days after admission (all in 
the “early” group) and were sent to limited duty 
without physical reconditioning. Four patients 
in the “early” exercise group, because of an ad- 
ministrative oversight, were transferred more 
than 1 week after convalescence. In addition, in 
the “late” group, the transfers of three patients 
were delayed more than 1 week by oversight and 
four patients were transferred late because they 
developed partial or complete relapses in the hos- 
pital. These seven patients are included in the 
analyses of the period II data but are left out of 
the over-all laboratory curves and period III 
analyses. Thus, in comparisons involving periods 
I and IT as defined above, there were 88 patients 
in the “early” group and 94 in the “late.” In the 
period III analyses there were 88 in the “early” 
group and 87 in the “late.” 


5.3 Effectiveness of the randomization 


The randomization was not as effective as in 
the first and second studies. This is probably at- 
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tributable both to the original restriction of the 
randomization to pairs and to the larger number 
of patients removed from the study after assign- 
ment to a treatment regimen. For 3 of the 25 
variables examined (see Table VI, Appendix II) 
there was a significant difference between the two 
groups. The “early” group had a higher mean 
bromsulphalein retention and fewer positive thy- 
mol flocculations on admission than the “late” 
group. Although not significant, the admission 
total serum bilirubin was also higher in the “early” 
group (8.95 mg. per 100 ml. compared wtih 7.96 
mg. per 100 ml.). These results suggest that, by 
chance, the “early” group included sicker patients 
at the time of admission to the second study, and 
this impression is confirmed by the fact that their 
average duration of illness was 34 days as com- 
pared with 28 days for the “late” group (P = 0.02). 
However, as illustrated in Figures 25 and 26, the 
mean serum bilirubins and bromsulphalein re- 
tentions were essentially the same for the two 
groups at the start of the convalescent period. 
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5.4 Effects of physical reconditioning on clini- 
cal and laboratory findings 


It was the opinion of the medical officers in 
charge of the reconditioning program that the 
hepatitis patients had relatively fewer complaints 
than those patients convalescing from battle 
wounds, epidemic hemorrhagic fever, or other ill- 
nesses. Nevertheless, there were some differences 
among the hepatitis patients with respect to the 
distributions of changes in symptoms and liver 
size, as shown in Table XVIII. During period II 
symptoms appeared more often in the “early” 
group undergoing exercise then in the “late” 
patients who remained in the hospital. Of the 10 
patients in the “early” group who developed symp- 
toms during their first week at the P.R.C., 3 had 
mild anorexia only, 2 had mild malaise when ac- 
tive but were asymptomatic at rest, 4 complained 
of mild epigastric distress on exertion, and 1 had 
both mild pain and malaise. The proportion of 
patients in whom previous symptoms disappeared 


TABLE XVIII. 


Third study: Changes in symptoms, liver size (by 2 cm. or more), total serum bilirubin (by 0.25 mg. per 100 ml.), prompt 
direct serum bilirubin (by 0.05 mg. per 100 ml.), and bromsulphalein retention (by 1 per cent or more) 








Period II* 


Period IIIt 








“Early” “Late” 





Number of patients 


Symptoms 
Appeared 
No change 
Disappeared 

Liver size 


Increase 
No change 
Decrease 


Total serum bilirubin 


Increase 
No change 
Decrease 


Prompt direct serum bilirubin 


Increase 
No change 28 
Decrease 


56 


Bromsulphalein retention 


Increase 
No change 
Decrease 


18 
27 
43 


4 
35 
55 


88 87 


10 
74 
3 


13 
52 
22 


13 
59 
15 


il 
43 
33 


32 
30 
25 


01 05 





* At the end of period II the “early” group had exercised for one week and the “late” group had remained in the 


hospital as controls. 


t At the end of period III the “early” group had exercised for two weeks and the “‘late’’ group had exercised for 


one week. 
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during period II was about the same in the two 
groups. During period III in which both groups 
were at the P.R.C., the pattern of changes in 
symptoms was about the same for the two groups 
and all new symptoms were benign. 

Table XVIII also shows a significant difference 
between the distributions of change in liver size 
for the two groups during period II. There were 
more decreases as well as increases in liver size 
in the “early” group with fewer patients showing 
no change. In only one of the seven patients in 
the “early” group who had increases in liver size 
was the increase greater than 2 cm. In period III 
the differences were not significant although the 
“late” group, then in their first week of recondition- 
ing, tended to show more ‘fluctuations in liver 
size. No patient in either group developed tender- 
ness of the liver during reconditioning. 

It seems likely that some of the changes in 
symptoms and liver size after transfer to the 
P.R.C. reflect differences among observers, but 
no data are available to test this assumption. 

Complete laboratory “relapses,” defined by the 
consecutive occurrence of at least two abnormal 
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bromsulphalein or total serum bilirubin tests, were 
observed in 4 per cent of the patients. This rate 
was similar to that found in the first study (7 per 
cent) in which the patients started physical re- 
conditioning an average of 19 days later in their 
course. No patient in either the “early” or “late” 
group developed recurrent hepatitis with jaun- 
dice during or shortly after the period of recon- 
ditioning. Two patients in the “early” group and 
five in the “late” group had asymptomatic brom- 
sulphalein “relapses,” but two of the latter oc- 
curred before the start of strenuous exercise. Six- 
teen per cent of the “early” group and only 4 
per cent of the “late” had one total serum bilirubin 
determination above normal after the start of con- 
valescence (P= 0.02). The incidence of partial 
bromsulphalein “relapses” was approximately the 
same for each group, 9 per cent and 12 per cent, 
respectively. 

Graphs of the changes in mean total and prompt 
direct serum bilirubin and bromsulphalein reten- 
tion are shown in Figures 25 and 26, in which the 
two vertical lines separate the three time periods 
defined in Section 5.1. There was a distinct 
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bounce in the mean total serum bilirubin shortly 
after the “early” group started active exercise in 
period II, and a much smaller bounce for the 
“late” group in period III. There were slight 
changes in the same direction in the prompt di- 
rect bilirubin, and bromsulphalein retention de- 
clined more slowly in the “early” group during pe- 
riod II. Note that the bounces in the “early” 
group were transient and that the tests resumed 
their downward trend during period II while 
strenuous exercise was continued. The thymol 
and zinc turbidity tests and the thymol and cepha- 
lin flocculations were not affected by exercise. 

The statistical significance of these distinct but 
small changes in laboratory tests is indicated in 
Table XVIII. During period II the “early” group 
had more increases and fewer decreases in serum 
bilirubin level and bromsulphalein retention than 
did the “late” group, while in period III the con- 
verse was true. 

The general tendency for tests which rose at the 
onset of strenuous exercise to return to lower lev- 
els while exercise was continued is illustrated in 


Figure 27. In none of the 14 patients whose total 
serum bilirubins rose above 1.5 mg. per 100 ml. 
after the start of exercise was there any rise above 
normal (5 per cent) in bromsulphalein retention. 
In the time between the start of exercise and the 
elevated total serum bilirubin, five patients had 
decreases in liver size of 2 cm. or more, three had 
increases, and six were unchanged. None of these 
14 patients had symptoms or liver tenderness. All 
of them continued in the reconditioning program 
for 2 weeks and were then discharged to duty. 


5.5 Summary 


The effects of 2 weeks of strenuous physical 
reconditioning were observed in 88 patients early 
in their convalescence from acute infectious hepa- 
titis. This group of patients, when compared with 
a control group kept in the hospital, showed di- 
stinct bounces in total serum bilirubin and brom- 
sulphalein retention, as well as the appearance of 
minor symptoms and some non-tender hepato- 
megaly during the first week of reconditioning. 
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Although statistically significant, these changes 
were not considered to be of clinical importance 
because they were small, they usually disappeared 
during the second week of reconditioning, they 
were seldom combined in the same patient, and 
they were not associated with unequivocal residual 
abnormalities in the follow-up study. 

There was thus no evidence in this controlled 
study that strenuous exercise early in convales- 
cence had precipitated a clinical relapse of infec- 
tious hepatitis. 


PART SIX 
FOURTH STUDY; FOLLOW-UP 


6.1 Design 


One of the principal arguments cited in favor of 
strict and prolonged rest in bed in the treatment 
of hepatitis has been a purported increased oc- 
currence of disability among patients allowed out 
of bed “too soon.” For this reason it was con- 
sidered especially important to perform an ade- 
quate follow-up study to determine the effects of 
treatment on the later health of the patients. The 
following principles guided its design and exe- 
cution: 1) Rather than attempt to obtain some 


information of varying completeness and accuracy 
about all of the patients in the studies, a ran- 
dom sample was selected and a vigorous attempt 
was made to contact every patient selected, no 
matter what his location. 2) It was assumed that 
the patients examined would be a representative 
sample and that extraneous factors and events in 
the interval between discharge and follow-up would 
be by chance equally distributed among the treat- 
ment groups. 3) Whenever possible patients were 
examined by one of the doctors who took part in 
the original studies and blood sera were sent to 
one laboratory for examination. 4) Conclusions 
were based on the incidence of significant interval 
illness and on the prevalence of abnormalities at 
the time of examination. The only significant 
findings were an increased occurrence of abnor- 
malities among the patients treated in the second 
study with a high protein, high carbohydrate diet. 


6.2 Location and examination of patients 


One hundred patients (25 “blocks” of 4) were 
selected by means of a table of random numbers 
from the first study and 88 patients (11 “repli- 
cates” of 8) from the second study. Thus each 





1200 


treatment group was equally represented in the fol- 
low-up study. 

The addresses of the 188 patients were obtained 
by letters to the nearest relatives; 105 answered 
the first letter, 54 a second, and 8 more answered 
a third letter, making a total of 167 responses 
(89 per cent). Addresses of the remaining 21 
patients were obtained from the Adjutant Gen- 
eral’s office. 

One hundred forty patients (74 per cent) were 
examined by three of the former study ward doc- 
tors (J. G. C., N. D., and R. W. R.) on trips 
throughout the United States. Frozen serum 
specimens for liver function tests were sent to the 
follow-up laboratory in Boston. Forty-eight pa- 
tients still in military service were examined at 
their Army posts; ninety-two had been separated 
from service and were seen at local hospitals, in 
doctors’ offices, or at their homes. Although oc- 
casional civilian patients were found only after ex- 
tensive inquiries at local post offices and corner 
drug stores, none refused to cooperate once located. 

Twenty-nine patients (15 per cent) who would 
not have returned to the United States before the 
estimated closing date of the study were examined 
by one of the authors in Sasebo, Japan, or in 
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Korea. These 29 patients were part of a group 
of 147 examined in Sasebo and compared with 
460 “normal” soldiers rotating home from Korea 
(Section 6.8). Four patients had been reassigned 
to Europe before they could be found and were 
examined at the Army Hepatitis Center in Ger- 
many. To avoid the expense of a final circuitous 
trip throughout the country at the end of the study, 
it was arranged to have 10 patients examined by 
the staffs of various Army Hospitals and sera 
sent in the frozen state to the laboratory in Boston. 

Data were incomplete on seven patients (4 per 
cent). The serum specimens from three patients 
seen in Korea were lost in transit to the laboratory 
in Sasebo. Three other patients refused a brom- 
sulphalein test, and one test was unsatisfactory 
because of extravascular infiltration during the in- 
jection. Data from these seven are presented 
when available, but have been omitted from the 
final abnormality classifications. 

A total of five patients (3 per cent) were not 
seen. One is somewhere in California; one is 
working as a merchant seaman ; three were missed 
in the Far East and did not rotate home until af- 
ter the study was completed. 


TABLE XIX 
Distribution of patients according to treatment group and location of follow-up examination 








Examined by 
research team 


Japan or 
Korea 


Treatment 


groupt USA 


Total 
selected 


or 
follow-up 





A. First study 
20 


21 
18 (1*) 
21 


80 


a2 | =e ww 


B. Second study 


Cps 
che 
CPS 
cps 

cbs 


cPS 


_ 

- 
Noe 
* * 
ewe 


S| wrsrcoam]d 
8! 
ND] BWR Nw. 
-o-~ 
Lo 
J 


Total 


Total for both studies 140 (2*) 29 (4*) 


1 
1 
1 
1 


4 2 
14 (1*) 5 





* Numbers in parentheses refer to patients in whom data were inpamatete. ; 
+ Capital letter indicates forced or high level treatment group, small letter the ad lib. or low level of treatment. 


D = diet; R = rest; C = carbohydrate; P = protein; S = supplements. 
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Thus some information was obtained on 183 
(97 per cent) of the 188 patients in the random 
sample, and complete information with reliable 
laboratory data on 176 (94 per cent). The dis- 


tribution of the above patients by treatment groups 
is presented in Table XIX. The widely scattered 


geographic distribution of the patients at the time 
of examination is illustrated in Figure 28. 


TABLE XX 
Definition of the point system for classification of abnormalities found in the follow-up examinations 








Finding 


Point 


Severity score 





Symptoms: (anorexia, nausea, 
vomiting, malaise, liver 


pain) symptoms 


Signs: 
Liver size 


No symptoms, or one mild symptom é 0 
One moderate symptom and/or two or more mild 


1 
Two or more symptoms of moderate or greater severity 2 


Not palpable or felt less than 3 cm. below right costal 
margin (corrected 


for location of upper border) 


Palpable 3 to 5 cm. below costal margin 
Palpable 6 cm. or more below costal margin 


Liver tenderness 
Spider angiomata 
Spleen size 


Laboratory tests: 


Bromsulphalein retention 
Total serum bilirubin 


Tender to palpation or fist percussion 
More than one 
Any palpable enlargement 


More than 5% in 45 minutes 
Above 1.08 mg./100 ml. (Far East) 


Above 1.50 mg./i00 ml. (U.S. A.) 


Prompt direct serum bilirubin 


Above 0.19 mg./100 ml. 


ar East) 


Above 0.26 mg./100 ml. (U.S. A.) 


Thymol turbidity 


Above 5.5 Shank-Hoagland units (Far East) 


Above 6.5 Shank-Hoagland units (U. S. A.) 


Cephalin flocculation 
Thymol flocculation 


Maximum points obtainable by one patient 


More than 2+ in 24 hours 
More than 2+ in 24 hours 
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6.3 Criteria of abnormality 


Since the syndromes of “chronic” and “recur- 
rent” hepatitis are ill-defined entities, specific and 
arbitrary criteria of abnormality had to be defined 
before analysis of the follow-up data. In order to 
make the evaluations of abnormality as reproduci- 
ble as possible, a point system of scoring was 
evolved. The relative weights given to the ab- 
normal symptoms, signs and liver function tests 
were based on the authors’ ideas about the clini- 
cal importance of each (Table XX). 

The definitions of abnormal liver function tests 
were based on the 99 per cent upper limit of nor- 
mality derived from the Kyoto series of 279 and 
the Sasebo series of 460 “normal” soldiers (Table 
I, Text and Appendix II). The former group of 
normals were the reference group for the patients 
examined in the United States, and the latter for 
the 29 examined in Sasebo. There is no apparent 
explanation for the slight differences between the 
two series of normals. 


6.4 Effectiveness of the randomization 


The effectiveness of the method of random 
sampling used for this study was tested by com- 
paring the follow-up sample with the remainder 
of the patients with respect to the mean values of 
three quantitative variables—age on admission to 
the hospital in Kyoto, total serum bilirubin on ad- 
mission, and duration of acute illness from admis- 
sion to convalescence (Table XVII, Appendix 
II). Unfortunately, there were significant de- 
partures from randomness in the samples drawn 
from each of the original studies. For each dis- 
crepancy, however, the sample was either older 
than the remainder, or the patients were more se- 
verely ill during the acute course, or both. Hence, 
any bias introduced by the sampling procedure 
might be expected to increase the likelihood of 
residual disability in the sample, rather than to 
lead to underestimation of the occurrence of abnor- 
malities. Within the sample the treatment groups 
were reasonably comparable with respect to point 
scores at the time of discharge to duty. The aver- 
age scores of 1 and 2 points (see Table XVII, Ap- 
pendix ITI) reflect the fact that the majority of pa- 
tients in these studies were allowed to return to 
duty with a variety of minor abnormalities. In 
fact, 16 per cent of the follow-up sample from the 
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first study and 14 per cent of the second study 
sample had point scores of 3 or more at the time 
of discharge. 


6.5 The interval between discharge and the fol- 
low-up examination 


For the sample of 95 patients from the first 
study on whom complete follow-up data were ob- 
tained, the interval between discharge from the 
study and follow-up examination ranged from 7 
to 18 months with an average of 12 months. For 
the sample of 81 second study patients the interval 
varied from 2 to 16 months with an average of 8 
months. Within each sample the average inter- 
vals were similar for the several treatment groups, 
as shown in Table XVII, Appendix II. 

During the interval, 38 (22 per cent) of the 176 
patients with complete follow-up information were 
hospitalized for more than 1 day (Table XVIII, 
Appendix IT). In only 19 of these patients was 
the loss of time from duty or work associated with 
gastrointestinal or abdominal complaints and in 
only nine did it seem at all likely that the “disa- 
bility” might have been related to the previous 
hepatitis. Attempts were made to obtain the medi- 
cal and hospital records for these nine instances of 
interval illness, and eight records or abstracts were 
received. In four of the eight patients no evi- 
dence of residual or recurrent hepatitis had been 
found during hospitalization. The remaining four 
patients had been found to have physical and/or 
laboratory abnormalities which suggested recur- 
rent or chronic hepatitis, but in no instance was 
there definite evidence for a diagnosis of “in- 
fectious hepatitis with jaundice.” Interval disa- 
bility attributable to the patients’ hepatitis was so 
rare, therefore, that its occurrence could not be 
used to compare the treatment regimens. 


6.6 Comparisons of treatment groups at the time 
of follow-up examinations 


A) Specific abnormalities. The individual ab- 
normalities listed in Table XIX, Appendix ITI, oc- 
cur more commonly among the ad lib. rest group 
in the first study but this difference is less strik- 
ing when the abnormalities are graded according 
to clinical importance in Table XXI below. The 
dietary treatment groups in the first study are 
similar. 
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TABLE XXI 
Comparison of treatment regimens with respect to abnormalities existing at the time of follow-up examinations * 








A. First study 





Status on 
follow-up 


Treatment regimen 





Diet 








Ad lib. Strict 





No. 





% No. % 





Normal 
Equivocal 1 or 2 
Abnormal 3 or above 


Total patients 


23 
16 
7 


46 


35 12 26 


| 28 = «O61 
15 6 13 


46 





B. Second and third studies 





Status on 
follow-up 


Therapeutic regimens 





Protein Calories 








“Normal” High “Normal” 





No. 





% No. % No. % 





Normal 
Equivocal 1 or 2 
Abnormal 3 or above 


Total patients 


28 
12 
1 


41 


29 10 26 20 48 
3 ee 1 2 


39 42 


| 24 «62 21 | 





Status on 
follow-up 


Supplements Exercise 








Placebos “Late” 





No. 





% No. ae. 





Normal 
Equivocal 1 or 2 
Abnormal 3 or above 


Total patients 


26 
13 
2 


41 


56} 
39> 
5) 





C. Comparison of first and second studies 





Status on 
follow-up 


No. 


First study Second study 


No. % 





Normal 
Equivocal 1 or 2 
Abnormal 3 or above 


Total patients 


49 
32 
14 


95 


45 
30 
6 


81 





Ward comparison—second study 





Status on 
follow-up 


High pro. 
High cal. 


High pro. “Normal” pro. “‘Normal” pro. 
“Normal” cal. High cal. “Normal” cal. 





Normal 
Equivocal 1 or 2 
Abnormal 3 or above 


Total patients 


i1 10 
9 11 


21 


18 
1 

1 1 0 
20 


21 





* Data complete on 176 of the 188 patients selected for follow-up. 


In the sample of patients from the second and 
third studies there was a tendency for those in the 
high-protein, high-calorie treatment group (CP) 
to present more abnormal findings for most of the 


measurements, but the individual differences were 
not large. The patients who had received vitamin 
and choline supplements were similar to those who 
had been given placebos. Among patients from 
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the “early” reconditioning group there were eight 
instances of liver tenderness while the “late” 
group had none, but these two groups were simi- 
lar with respect to all of the other variables. The 
second study patients, all treated with ad lib. rest, 
had a slightly lower prevalence of abnormalities 
than the patients of the first study. 

B) Abnormalities by point scores. Arbitrarily, 
those patients with no abnormality points were 
designated “normal,” those with 1 or 2 points 
“equivocal,” and those with 3 or more points “ab- 
normal.” Comparisons among treatment groups 
have been made for the percentage distributions 
of patients in these three categories and “chi- 
square” tests of significance have been applied 
with the results shown in Table XXI. There were 
no significant differences among the treatment 
groups in the first study. In the second study the 
high-protein regimen produced significantly more 
equivocal and abnormal patients than the “nor- 
mal”-protein diets, while the high-calorie diets 
tended to yield more abnormals than the “normal”- 
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calorie groups. The table of ward comparisons 
demonstrates that these differences were largely 
due to the poor showing of a single ward (CP) 
on which the high-protein, high-calorie diets were 
served. The third study comparison of “early” 
and “late” reconditioning groups did not demon- 
strate any striking differences. A comparison of 
the first and second studies showed no significant 
differences. 


6.7 Results of additional follow-up examinations 


Eleven patients were hospitalized in the United 
States for further investigation of abnormalities 
found in the follow-up examination in either the 
Far East or the United States. Ten of them were 
sent to Walter Reed Army Hospital and one to 
the Veterans Administration Hospital in Phoenix, 
Arizona. 

All but one of the patients had improved by the 
time they were admitted for study, the interval 
between the routine follow-up examination and 
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TABLE XXII 
Physical findings of 147 post-hepatitis patients compared with 460 ‘‘normal’’ soldiers 








Post-hepatitis 


“Normal” controls 





Number 





Number % 





Liver not palpable 
1-2 cm. 
3-5 cm. 
>5 cm. 
Liver tenderness 
Spleen palpable 
Spider angiomata 


405 88 
27 


3\28 
2 


5 
10 





subsequent hospitalization varying from 1 to 3 
months. Eight of the 11 patients had liver biop- 
sies ; the livers of seven were essentially normal and 
changes consistent with “chronic active hepatitis” 
were noted in one. Discharge diagnoses were “no 
liver disease” in eight of the patients, “inactive 
hepatitis” in two, and “chronic hepatitis” in one. 

Since many of the factors which led to the hos- 
pitalization of these particular patients were be- 
yond the control of the research team, these results 
are not intended for use in the interpretation 
of the effects of previous therapy on the oc- 
currence of residual abnormalities. However, 
these supplementary hospital studies certainly sug- 
gest that the arbitrarily defined “abnormalities” 
found in the follow-up study may have little clini- 
cal significance. 


6.8 Comparisons of post-hepatitis patients with 
“normal” soldiers 


Because of the possibility that sufficient of the 
randomly selected patients could not be found in 
the follow-up study outlined above, facilities were 
set up to examine former patients as they rotated 
through Sasebo, Japan, on their way back to the 
United States. Since the selection of patients ex- 


TABLE XXIII 


Distributions of urine urobilinogen in 115 post-hepatitis 
patients and 50 ‘‘normal”’ soldiers 








Post-hepatitis “‘Normals” 


Ehrlich units ——_—_—_ 
per hour % 


0.10-0.29 12 + 
0.30-0.49 ‘ 34 11 
0.50-0.69 3. 29 

.70-0.89 10 
-90-1.09 
-10-1.29 
.30-1.49 
-30- 
iF 


Number 





1.69 
0-1.89 
> 1.89 


Total patients 





amined did not depend on chance alone, the results 
could not be used to assess the efficacy of the vari- 
ous treatments. The former patients, however, 
could be compared with rotating soldiers who had 
not had hepatitis during their stay in the Far East. 

One hundred and forty-seven of the former pa- 
tients and 460 “normals” were examined in Sasebo 
by one of the authors (C. W. S.). Liver func- 
tion tests were carried out by one of the former 
Hepatitis Center technicians.2* The 2-hour uro- 


21 Thanks are due Dr. Noriaki Wakizaka for perform- 
ing the laboratory determinations. 


TABLE XXIV 
Distributions of cephalin and thymol flocculation tests in 147 post-hepatitis patients and 460 ‘‘normal’’ soldiers 








Cephalin flocculation 
“‘Normals”’ 


Number % 





Post-hepatitis 
Number % 





Thymol flocculation 


“Normals” 





Post-hepatitis 
Number % Number % 








134 91 413 
10 43 
2 2 3 

1 1 0 
0 0 1 


147 460 


119 81 410 89 
22 15 34 
3 14 
1 2 oe 
0 0 0 
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TABLE XXV 


Comparisons of the means of liver function tests in the 147 
post-hepatitis patients and 460 ‘‘normal’’ soldiers 








“Normal” 


Post-hepatitis 
soldiers 


Test patients 


Serum bilirubin—mg./100 mil. 
Total 0.51 
Prompt direct 0.09 
Thymol turbidity 
Shank-Hoagland units 3.0 23 
Urine urobilinogen* 
Ehrlich units per hour 0.62 0.63 





0.50 
0.09 





* This test was done on only 115 post-hepatitis patients 
and 50 ‘‘normal” soldiers. 


bilinogen test (30) was added to the tests previ- 
ously performed. The patients were examined 
from 2 to 15 months after discharge from the 
hospital (mean 8 months). Eighty per cent had 
been discharged more than 6 months previously. 

Thirty-one of the 147 patients (21 per cent) 
complained of various combinations of anorexia, 
nausea, vomiting, malaise, fatigue, and pain. 
Symptoms at the time of the examination of the 
“normal” patients were not recorded, but it seems 
likely that they had fewer complaints than the 
hepatitis patients. Physical signs (Table XXII) 
were more common in the post-hepatitis group, 
the most striking difference being the frequency 
of hepatic tenderness. Liver function tests in the 
two groups are compared in Figure 29 and in 
Tables XXIII, XXIV and XXV. The distribu- 
tions and means of the total and prompt direct 
serum bilirubin, cephalin flocculation and thymol 
flocculation, thymol turbidity and urine urobili- 
nogen were quite similar for the post-hepatitis 
and “normal” groups. 


6.9 Summary 


1. One hundred and eighty-eight patients were 
selected at random from the original group of 
450 for follow-up examinations. Ninety-seven 
per cent, or 183 of the patients, were examined 
and complete information was obtained on 94 per 
cent (176 patients). 

2. Approximately 5 per cent of the sample, 
equally distributed among the treatment groups, 
lost more than one day from duty or work be- 
cause of complaints which were possibly attribut- 
able to hepatitis, but no case of recurrent jaundice 
was seen. 


THOMAS C. CHALMERS ET AL, 


3. The patients on the ad lib. rest regimen had 
more individual abnormalities than those on strict 
bed rest, but when these were graded according 
to clinical importance, the difference was not sig- 
nificant. 

4. There was no difference between the patients 
treated with the forced high-protein and ad hb. 
diets in the first study. Those patients in the sec- 
ond study from the high-protein, high-calorie 
ward showed more equivocal and distinct abnor- 
malities than the patients from the other three 
wards. 

5. Subsequent hospitalization of 11 “abnormal” 
patients showed all but one to be essentially 
normal. 

6. One hundred and forty-seven former patients 
were compared with 460 “normal” controls as they 
rotated through Sasebo, Japan, on their way back 
to the United States. The patients showed an in- 
creased frequency of symptoms, hepatomegaly, 
liver tenderness and spider angiomata, but the dis- 
tributions of liver function tests were the same as 
in the controls. 


PART SEVEN 


RETROSPECTIVE ANALYSES OF THE EFFECTS OF REST 
AND DIET 


The results presented in Parts Three and Four 
are those of controlled experiments in which the 
patients were assigned to treatment groups at 
random and the general plan of analysis was de- 


cided before the results were available. During 
the conduct of these controlled studies, numerous 
subsidiary data were gathered in the expectation 
that their analyses might further elucidate any 
treatment effects demonstrated. This section is 
concerned with retrospective studies suggested by 
the data or by the conclusions of others. The pa- 
tients have been grouped for analysis not at ran- 
dom before the start, but systematically and “after 
the fact.” Therefore, the results should be looked 
upon as suggestive rather than conclusive, and of 
limited value from the standpoint of probability 
statements. The results are generally negative 
and in no way qualify the conclusions drawn from 
the first and second studies. 
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TABLE XXVI 


First study: Relation of rest effects to the duration of symptoms before admission and the height of the 
total serum bilirubin on admission 








Strict bed rest 


Ad lib. rest 





Mean 
adm. 
TSB 





Mean 
duration 
of illness 


Mean 
adm. 
TSB 


Mean 
duration 
of illness 


Number 
of 
patients 





ef 
7.7 


Symptoms 10 days or less 
Symptoms 11 to 21 days 


Admission TSB 
4.1 


10.0 
17.8 


B 

./100 ml. 
Admission TSB 
13+ mg./100 ml. 


30 73 
32 54 


7.9 26 
8.6 28 


23 58 
37 48 
42 21 


3.8 20 
9.6 31 
17.8 45 





7.1 Relation of the stage and severity of illness 


to the effects of rest 


The belief that strict bed rest should be con- 
tinued after the patient with acute hepatitis no 
longer desires to stay in bed is so firmly en- 
trenched in current medical practice that the fail- 
ure to confirm it in the first study warrants some 
further inspection of the data. To investigate 
whether enforced bed rest might still be essential 
early in the course of the disease the patients 
were divided into two approximately equal groups: 
those with any symptoms for 10 days or less be- 
fore admission and those who had been sick for 
from 11 to 21 days. The data presented in Table 
XXVI reveal that the ad lib. rest patients had a 
shorter duration of illness in the hospital irregard- 
less of how long they had been sick before admis- 
sion. When the patients were divided according 
to the severity of illness as represented by the 
total serum bilirubin on admission (Table XX VI) 
the ad lib. rest groups had shorter durations in 
the low and medium bilirubin ranges, but slightly 
longer durations in the high ranges. None of 
these differences is significant. 


7.2 The effects of pre-hospitalization activity on 
the duration of subsequent illness 


An attempt was made to record on admission to 
the hospital each patient’s activity on each day 
of his illness before admission. The number of 
days in which the patient’s activity was more than 
one-third his usual activity, from the onset of 
symptoms and from the onset of jaundice to hos- 
pitalization, were then plotted in scattergrams 
against the duration of the acute illness in the 


hospital. 
parent. 


No suggestive correlations were ap- 


7.3 Relation of the stage and severity of the ill- 
ness to the effects of diet 


An early dietary effect was demonstrated in 
both of the present studies by the fact that the 
trends of the mean serum bilirubins began to 
diverge within 3 to 4 days of the start of treat- 
ment (Figures 10 and 26). This early effect was 
further illustrated by the fact that the ad lib. and 
“normal”-protein groups each had significantly 
more patients whose serum bilirubins rose after 
admission to the hospital. Thus, in the two stud- 
ies there were 35 patients on the ad lib. and “nor- 
mal”-protein regimens with rising bilirubin levels 
and only eight on the forced and high-protein 
diets (see Table VIII, Appendix II). In 27 
(63 per cent) of these 43 patients, the total se- 
rum bilirubin had risen 1 mg. per 100 ml. or more 
by 4 days after admission, and in 37 (86 per cent) 
the rise was apparent by the end of the first week. 
If one therefore assumes that the difference in 
percentage of patients with rising serum bilirubins 
is a distinct treatment effect rather than chance 
occurrence, and this seems likely in view of the 
fact that a difference of equal magnitude and di- 
rection was found in both studies, then one must 
also assume that the dietary effect takes place, at 
least in part, in the first week of treatment, or 
during the acute stage in which the serum bili- 
rubin may still be rising. 

To investigate further the relationship between 
the observed dietary effects and the stage of illness 
in which treatment was started, the patients in 
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TABLE XXVII 
Relation of dietary treatment effects to duration of symptoms before admission 








First study 


Second study 








Per cent 
shortening 
of illness 
by high 
protein diet 


High “Normal” 
protein protein 
diet diet 





Symptoms 10 days or less: 


Number of patients 
Mean admission TSB 
Mean duration of illness 


Symptoms 11 to 21 days: 


Number of patients 
Mean admission TSB 
Mean duration of illness 


47 51 
8.5 8.1 
28 35 


47 44 
8.8 8.2 
30 34 12 





each study were divided into two groups, those 
who had symptoms for 10 days or less before ad- 
mission and those who had been sick from 11 to 21 
days. The data are presented in Table XXVII. 
The overall duration of illness does not differ in 
those sick a short or a long time before admission. 
In both studies, however, the dietary effect is 
slightly greater in those admitted to the study 
early in the course of their illness. 

To determine whether the treatment effect 
might vary according to the height of the admis- 
sion total serum bilirubin, the patients were di- 
vided into three groups, those with low, moderate, 
and high admission levels (Table XXVIII). In 
both studies the treatment effect was greatest 
in the middle range of bilirubin levels. It was 


least apparent at the high bilirubin levels, but the 
number of patients in this group was small. 

For practical purposes the severity of the ill- 
ness might also be judged by the magnitude of 
the patient’s complaints and the degree of hepa- 
tomegaly on admission. The results of analyses 
of dietary treatment effects in the second study 
with respect to these criteria of severity are pre- 
sented in Table XXIX. Since both measurements 
are susceptible to “doctor effects” (see Sections 
3.1 and 5.1), the patients on each ward were 
ranked according to severity of symptoms and 
liver size and then divided at the middle rank 
into two groups designated as “severe” and “mild.” 
The patients with the more severe symptoms and 
larger livers did have higher admission bilirubin 


TABLE XXVIII 
Relation of dietary treatment effects to the total serum bilirubin on admission 








First study 


Second study 








Forced 
diet 


Ad lib. 


Per cent 
shortening 
of illness 
by high 
protein diet 


Per cent 
shortening 
of illness High 
by forced protein 
diet diet 


“Normal” 
protein 


diet diet 





Admission TSB (1 to 6.9 mg./100 ml.) 


Number of patients 
Mean admission TSB 
Mean duration of illness 


Admission TSB (7 to 12.9 mg./100 ml.) 


Number of patients 42 
Mean admission TSB 9.4 
Mean duration of illness 28 


Admission TSB (13+mg./100 ml.) 


Number of patients 22 
Mean admission TSB 18.4 
Mean duration of illness 


64 
3.8 
19 


64 44 50 
4.1 —8 i 
25 24 28 


45 32 27 
10.0 pag si 
39 29 40 


16 18 18 


17.0 — 4 
43 49 
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TABLE XXIX 
Second study: Relation of dietary treatment effects to the severity of symptoms and size of the liver on admission 








High protein diet 


Per cent 


“Normal” protein diet n 
shortening 








Number Mean 
of 


patients 


Mean 
duration 
of illness 


of illness 
by high 
protein diet 


Mean 
duration 
of illness 


Mean 
adm. 
TSB 


Number 
of 


patients 





“Severe’”’ symptoms* 46 
“Mild”’ symptoms 48 
wa 


“Severe” hepatomegaly* 48 
“Mild” hepatomegaly 46 


47 8.9 38 18 
48 7.5 30 10 
48 8.5 36 14 
47 7.9 32 12 





* To avoid the influence of ‘doctor effects,”” the patients on each ward were ranked according to symptoms and 


liver size and then divided at the middle ranks. 


levels and slightly longer acute illnesses. The 
protein effect was the same regardless of the 
severity of the illness. 

From the standpoint of severity of illness on ad- 
mission the six patients on the forced-fed wards 
who required tube feedings were entirely similar 
to the nine patients on the ad lib. wards whose in- 
take in the first 4 hospital days was less than 2,000 
calories or 70 grams of protein. Yet the mean 
durations of illness of each group were respectively 
33 and 51 days. Although the numbers involved 
are small, the figures suggest that the severely 
anorectic patients on the forced-diet wards might 
have had more prolonged illnesses if they had not 
been tube fed. 

It should be pointed out, however, that none of 
the patients in these studies were in the precoma 
or comatose stages in which the deleterious effects 
of a high-protein diet on the central nervous sys- 
tem—in cirrhosis of the liver—have been demon- 
strated (31). 


PART EIGHT 


GENERAL SUMMARY, DISCUSSION, AND 
RECOM MENDATIONS 


8.1 Rest effects 
A. Summary of results 


1. Patients hospitalized with acute infectious 
hepatitis improved as rapidly when allowed to be 
up and about their wards at will as did patients 
kept at strictly enforced bed rest. 

2. Asymptomatic laboratory relapses occurred 
early in convalescence with equal frequency for 
both groups of patients. 


3. There was no evidence that ad ib. ambula- 
tion was detrimental irrespective of the stage or 
severity of the patients’ illness. 

4. Patients started on an active physical recon- 
ditioning program early in convalescence had in- 
creases in symptoms, signs and laboratory tests 
of small degree and transient nature. Since they 
disappeared as exercise continued, they were not 
considered of clinical importance. 

5. The incidence of chronic disability and sig- 
nificant residual abnormalities observed in a fol- 
low-up study, was no greater for patients per- 
mitted ad lib. ambulation and started on strenuous 
physical rehabilitation early in convalescence than 
it was for patients treated in the more conventional 
conservative manner. 


B. Discussion of results 


The conclusion drawn from these studies that 
it is entirely unnecessary to enforce bed rest in the 
treatment of acute infectious hepatitis is at vari- 
ance with the great majority of interpretations of 
previous data expressed in the literature (1, 2, 5, 
28, 32). It is important, therefore, to discuss pos- 
sible explanations for this discrepancy. 

It does not seem plausible that the results of the 
present study are statistical artefacts. The study 
was well controlled, except for the fact that “ward 
and doctor effects” could not be completely ex- 
cluded. There was no evidence that the strict 
bed rest patients were by chance more severely 
ill, The doctor who decided on the eligibility of 
a patient for admission to the study had no knowl- 
edge of the treatment he would receive until after 
he was admitted. Numerous randomization 
checks revealed the groups to be similar with re- 
spect to many variables other than the treatments. 
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Although as always in infectious hepatitis the 
variability in duration of the acute disease was 
large, so was the number of patients included in 
this study, and the “confidence limits” make it 
extremely unlikely that a clinically important dif- 
ference in favor of strict bed rest would be ob- 
served on repetitions of the study under similar 
circumstances. Careful follow-up studies of the 
patients in the hospital, at the physical recondition- 
ing center, in Japan at the time of their rotation 
to the United States, and after their return have 
revealed no evidence that the patients treated with 
ad lib. rest have had an increased incidence of sig- 
nificant residual abnormalities. Long-term effects 
must remain for the time being a matter for con- 
jecture, but there is no suggestion in follow-up 
data now available on World War II patients 
(33) that long-term residuals will be common 
enough to reverse the present conclusion that strict 
bed rest is no longer necessary. 

The lack of effectiveness of strict bed rest noted 
in this study did not appear to be due to sig- 
nificantly different clinical material or a milder 
form of the disease than reported in other epi- 
demics. To illustrate this fact data from descrip- 
tions of epidemics of infectious hepatitis among 
military personnel in post-war Germany, and dur- 
ing World War II in the United States, Great 
Britain, Italy, and the Middle East (1-3, 34-36) 
are presented in Table XX, Appendix II. As 
might be expected, there was considerable varia- 
tion in the manner in which the data were handled 
in each of these reports, and some liberties have 
been taken in the tabulation to make them as com- 
parable as possible. Symptoms were essentially 
the same in all with the exception that in post- 
war Germany the onset has been appreciably more 
insidious. Within the limits of the different stan- 
dards of measurement and methods of handling 
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the patients, the duration of jaundice and hospitali- 
zation were similar in all of these epidemics. Cer- 
tainly by these criteria the patients in the present 
studies were no less sick. To obtain quantitative 
data comparable to that of the present study, the 
laboratory records of 100 randomly selected pa- 
tients ** who had hepatitis in post-war Germany 
were reviewed. The admission total serum biliru- 
bins and the duration from admission to a bilirubin 
of 1.5 mg. per 100 ml. or less are compared in 
Table XXX with 253 first study patients. The 
differences in the mean initial serum bilirubins and 
the durations of jaundice are not striking. It 
seems unlikely, therefore, that any such small 
differences between epidemics in comparable popu- 
lations could result in a need for enforced bed rest 
in one group and not in the other. 

The only striking difference between the present 
series of patients and those studied during World 
War II lies in the incidence of relapses. Return 
of jaundice within 2 or 3 months after it had once 
disappeared was never seen in the present study 
and occurred in 5 per cent or more of the patients 
studied in Great Britain (34) and Italy (1). This 
plus the fact that the precipitation of relapses by 
exercise early in convalescence was not observed 
in the present studies, as contrasted with the se- 
ries in Italy (1), suggests that the epidemic be- 
havior of infectious hepatitis may have changed 
since World War II. Another possible explana- 
tion for the relatively high incidence of relapses 
with jaundice during World War II may be that 
anorectic patients were occasionally treated with 
intravenous plasma which may have contained 
the virus of homologous serum jaundice. In ad- 
dition, the transmission of the hepatitis viruses by 


22 The authors wish to thank Dr. W. P. Havens, Jr. for 
supplying these records. 


TABLE XXX 
Comparison of hepatitis patients in post-war Germany with first study patients 








Number 
of 
patients 


Mean 


duration 

of ill 
before 

admission 


Duration to first 
normal TSB* 


S.D. 
days 


ness 


Mean 
admission 
T 


mg. per 100 ml. 


Mean 


days days 





Japan and Korea 
(first study) 
rmany 


253 
100 


23 
27 


15 
16 


10 


8.1 
14 7.4 





* 1.5 mg. per 100 ml. or less. 
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syringes and needles had not then been clearly 
demonstrated. Thus some of the relapses may 
have been reinfections with a different strain of 
virus. 

Two other possibly important differences may 
be conjectured. First, more of the World War 
II patients may have had homologous serum jaun- 
dice and it is conceivable, although improbable, 
that in this disease bed rest is more effective than 
it is in infectious hepatitis. Finally, the patients 
in some World War II epidemics were probably 
more fatigued and less well fed when they acquired 
their hepatitis than the patients in the present 
studies. However, McFarlan (37) could dem- 
onstrate no relation between fatigue and diet be- 
fore onset and the severity of the disease among 
British troops in World War II, and retrospective 
analyses of the present data revealed none. 

If the conclusions of the present study are ac- 
cepted, and the patient material and disease are 
not too different from that reported by others, a 
re-examination of the data on which the concept 
of strict bed rest has been based is indicated. 
Only two “controlled” studies are available for 
comparison (1, 5, 7), and in both of these studies 
the patients on bed rest who had a shorter duration 
of acute illness also received a high-protein diet, 
whereas patients on a modified rest program re- 
ceived an ad lib. diet. Thus the entire effect may 
have been due to diet. 

In a retrospective study (2) interpreted as em- 
phasizing the importance of bed rest, the total du- 
ration of illness for patients entering the hospital 
less than 30 days after onset was distinctly shorter 
than for those who were hospitalized after 30 days 
or more of illness. The patients were Navy per- 
sonnel who were transferred to one hospital as 
soon as a diagnosis of hepatitis was made, and de- 
lays in transfer were attributed to delays in reach- 
ing port or difficulties in establishing the diagnosis. 
Since the pre-admission regimen was assumed to 
be one of ad lib. rest and all patients were kept 
strictly in bed after admission, it was concluded 
that restriction of activity early in the illness had 
appreciably shortened the duration. An equally 
plausible explanation for the difference has noth- 
ing to do with restriction of activity. It seems 
probable that the original group of patients, who 
could not be transferred early for various reasons, 
included some who recovered within 30 days and 
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therefore never were transferred. Thus the group 
of late transfers may well have been overloaded 
with patients who were destined to have pro- 
longed illnesses irrespective of how they were 
treated. 

Another type of retrospective observation on 
which a great deal of emphasis has been placed 
is exemplified by a case report (1) of a patient 
whose icteric index was approximately 25 on ad- 
mission, fell to normal during 3 weeks of bed rest, 
and rose to 70 after 2 weeks of exercise about the 
ward. Such time-related events may lead to use- 
ful hypotheses to be tested in controlled studies, 
but by themselves are not sufficient evidence for 
a cause and effect relationship. 

Recently two “controlled” experiments from the 
Army Hepatitis Center in Germany have sug- 
gested that, at least in the type of patient material 
encountered there, rest did not, have to be as pro- 
longed as heretofore thought necessary. In the first 
(3), patients were exercised mildly and cautiously 
at all stages in the disease and adverse effects were 
encountered only in those with total serum bili- 
rubins above 3 mg. per 100 ml. In the second (4), 
the effects of physical reconditioning in patients 
with persistent bromsulphalein retentions between 
5 per cent and 10 per cent were compared with 
the effects in patients with less than 5 per cent 
retention, and no differences were found. It was 
suggested that mild elevation of the bromsulpha- 
lein test in the presence of a total serum bilirubin 
of 1.0 mg. per 100 ml. or under should not be a 
contraindication to the start of ambulation. No 
one, however, has previously suggested that bed 
rest should be ad lib. throughout the illness. 

It should be emphasized that the ambulatory pa- 
tients in the present studies were never forced to 
stay out of bed or to perform any labor, and were 
confined to their hospital wards. The study offers 
no evidence, therefore, that rest is not advantage- 
ous when the patient feels sick. It is still probable 
that enforced activity during the acute phase of 
hepatitis, as in any infectious disease, will make 
the patient feel worse, and may possibly prolong 
the disease. It should also be emphasized that 
the regimen of ad lib, rest was not instituted until 
an average of 10 days after the onset of symptoms, 
7 days after the onset of dark urine and 4 days 
after first hospitalization. The data in Table 
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XXVI, however, suggest that the time of starting 
treatment is not an important factor. 

The third study satisfactorily demonstrated that 
patients who have been at ad ib. rest throughout 
their acute illness may be returned with safety 
to their normal activity as soon as their total bili- 
rubins have been 1.5 mg. per 100 ml. or less for 1 
week and their bromsulphalein retention 5 per 
cent or less. Exercise started at this time did not 
result in an increased incidence of relapses or 
residual disability. That this regimen of ad lib. 
rest in bed and earlier return to duty results in a 
substantial saving in the duration of hospitalization 
is illustrated by the following data: The average 
duration of hospitalization of all patients trans- 
ferred to the physical reconditioning center in the 
first study was 56 days; in the second study the 
94 patients in the early reconditioning group 
were discharged after 34 days. Thus, disregard- 
ing any potential dietary savings, 22 days were 
eliminated from the duration of hospitalization. 
Part of this saving in time may be attributed to 
the elimination of all possible administrative delays 
and the postponement of elective minor surgery 
and dental work until reconditioning had begun. 
The greatest saving, however, resulted from the 
elimination of the physical disability that results 
from prolonged rest in bed. 


8.2 Diet effects 
A. Summary of results 


1. In the first study, patients forced to eat a 
diet supplying an abundance of calories, protein 
and vitamins throughout hospitalization improved 
more rapidly than did those patients who ate only 
as much as they chose of a regular hospital diet. 

2. In the second study it was observed that the 
duration of hepatitis was shorter for those patients 
forced to eat a high-protein diet (19 per cent pro- 
tein calories) than for those who consumed the 
“normal”-protein diet (11 per cent protein cal- 
ories). The duration of illness was similar for 
patients eating 3000 and 4000 calories, and for 
those who received supplemental choline and vi- 
tamins and those who did not. 

3. Asymptomatic laboratory relapses occurred 
with equal frequency irrespective of the composi- 
tion of the diets. 

4. During the first 2 weeks of treatment, there 
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was a more rapid decline of the serum bilirubin in 
the forced-diet groups of the first study, and in the 
high-protein groups of the second study. 

5. Although first study patients (forced and 
ad lib.) were similar when seen in follow-up, sec- 
ond study patients who received the high-protein 
and high-calorie diet showed a slightly higher in- 
cidence of mild residual abnormalities. 


B. Discussion of results 


The 22 per cent reduction in the duration of the 
acute disease by the forced diet noted in the first 
study was highly significant. This indicates that 
repetitions of the study would almost certainly 
yield similar dietary results. From the clinical 
standpoint, however, this reduction is not very 
impressive when compared with the effects of 
more specific therapy in other infectious diseases. 
In civilian medicine the potential saving of a week 
on the average, in the absence of any evidence for 
the prevention of death or chronicity, might not be 
worth the extra trouble of forcing the patient to 
eat. From the military standpoint, however, an 
average saving of 1 week during an epidemic 
period when thousands of cases occur each year 
represents a substantial saving in man power and 
expense. 

The second study was designed, in part, to 
gain some information as to whether the absolute 
amount of protein or percentage of protein calo- 
ries was more important. The variability in dura- 
tion of illness encountered in the second study 
was so large in relation to the number of patients 
available that this problem could not be specifically 
solved. But a reorientation of results from the 
second study supplied some evidence for discus- 
sion. Table XXXI shows that there was a linear 
decrease in duration of the disease as the amount 
of protein in the diet was increased. Although 
this comparison was not included in the original 
design of the study and disregards caloric levels, 
it does suggest that actual content of protein was 
important in shortening the duration of illness. 
On the other hand, as shown in Table XI, the pro- 
tein effect was the same at both caloric levels, in- 
dicating the effect of percentage composition of 
the diet. The question cannot therefore be an- 
swered by the data of this study. 

The smaller dietary effects encountered in the 
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TABLE XXXI 
Second study: Relation of protein content of diet to duration of illness 








— 


oO 
patients 


Protein content 
Mean 
% of duration 


grams calories Calories of illn 





(CP) 
(cP) 
Cp) 


i as calorie, high ape 
“Normal” calorie, high protein 
High calorie, ‘‘normal’’ protein 


“Normal” calorie, ‘“‘normal’’ protein cB 


190 19 
140 19 
110 11 
80 11 





second study than in the first, and the differences 
in follow-up findings, make desirable an examina- 
tion of other differences between the two stud- 
ies. Data presented in Table V, Appendix II, 
suggest that the patient material differed in the 
two studies. The mean duration of symptoms and 
of jaundice before admission were slightly longer 
in the second study, although the duration of 
hospitalization elsewhere was the same. In spite 
of the fact that they were admitted somewhat later 
in their course, significantly more of the patients 
in the second study complained on admission of 
malaise, nausea, and vomiting. The mean prompt 
direct serum bilirubin on admission was signifi- 
cantly higher in the second study. Conversely, 
the mean thymol and zinc turbidities were lower, 
as were the percentages of patients with positive 
cephalin and thymol flocculations. During the 
period of the second study fewer patients became 
ill while in active combat, there were fewer in- 
stances suggestive of “point epidemics” in combat 
units than in the first study, and the admission 
rate at the Hepatitis Center was lower. Perhaps 
related to these changes the variability of durations 
of illness was somewhat greater in the second 
study than in the first. However, the duration 
of illness in the hospital was about the same in 
both studies, the overall geometric means being 
25 days in the first study and 27 days in the sec- 
ond. 

Since dietary intakes of patients in the second 
study were restricted to narrow ranges, the high- 
level diets differed from the forced diet in the 
first study in that the minimum levels were higher 
and there were no patients eating more than the 
prescribed amounts. The “normal” diets were 
unlike the ad lib. diet in the first study in that 
there were no patients eating less than 2700 cal- 
ories or 70 grams of protein, and there were no 


excessive intakes. Thus the dietary intakes were 
different enough to make a comparison of the 
effects in the two studies unwarranted. 

Whatever the reasons for these differences be- 
tween the two studies and whatever their influ- 
ence on the treatment effects, the fact remains that 
the effect of the high-protein diet on the duration 
of illness in the second study was not very much 
better than that of the “normal’’-protein diet, and 
even that advantage must be qualified by the 
results of the follow-up study. 

The beneficial results arising from the forced 
feeding of a diet rich in protein which were dem- 
onstrated so conclusively in these studies are 
difficult to reconcile with studies recently re- 
ported by Leone and his co-workers (38). These 
workers have obtained some evidence from ob- 
servations on prisoner volunteers participating in 
studies of viral hepatitis that a high-protein, low- 
fat diet started within a few days of the onset of 
symptoms may increase the severity and prolong 
the duration of illness. There are several obvi- 
ous differences between the dietary study on 
prisoners and the present studies, one or more 
of which might contribute to the divergent re- 
sults. It seems unlikely, in view of the data 
presented in Tables XXVIII, XXIX, and XXX, 
that the differences in the conclusions of the two 
studies can be explained by the factors of time 
of starting treatment and the severity of illness. 
The possibility of differences due to the type of 
virus or to the fat content ** of the special diets of 
Leone may warrant further investigation. 


283In a series too small for statistical validity, Hoag- 
land, Labby, Kunkel, and Shank (6) found that 15 pa- 
tients on a high-protein, low-fat diet had an acute illness 
averaging 8 days longer than an equivalent number on 
a high-protein, high-fat diet. 
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8.3 Recommendations 


When the results of the above studies and those 
of Leone, and his co-workers (38) were presented 
to the Committee on Hepatitis of the Commission 
on Liver Disease of the Armed Forces Epidemio- 
logical Board, recommendations were drawn up 
for revision of the treatment of acute infectious 
hepatitis in the Armed Forces. The following 
recommendations were therefore sent by the Epi- 
demiological Board to The Surgeon Generals of 
the Armed Forces: 

The following recommendations for the treat- 
ment of acute infectious hepatitis are general 
principles and may require modification for indi- 
vidual patients under particular circumstances. 
They embody a distinct change in the presently 
accepted rest regimen and little or no change in 
dietary treatment. They are based on the con- 
clusions of a carefully controlled study of enlisted 
military personnel (age range, 17 to 45, median 
21) with acute infectious hepatitis. Their applica- 
bility to the more severe forms of the disease in 
older or less well nourished patients has not been 
established. 

Since physical activity to the point of fatigue 
may be harmful, patients with acute hepatitis 
should be hospitalized as soon as the diagnosis is 
made. They should be urged to rest in bed as 
long as acute symptoms persist. Once they begin 
to feel well, regardless of the degree of jaundice, 
they should not be forced to stay in bed more than 
1 hour after each meal. Restriction to the hos- 
pital ward, however, is essential to decrease undue 
activity or exertion. Allowing ad lib. activity on 
the ward (without any required exertion) circum- 
vents the usual delay necessary for recuperation 
from the effects of prolonged rest in bed and ap- 
preciably shortens the period of hospitalization. 

Patients so treated may be discharged from the 
hospital and physical reconditioning may be un- 
dertaken after the total serum bilirubin concen- 
tration (Ducci and Watson (17)) is below 1.5 
mg. per 100 ml. and the bromsulphalein retention 
in 45 minutes below 6 per cent for a period of not 
less than 1 week. Patients whose bromsulphalein 
retention stabilizes between 5 and 10 per cent may 
be discharged from the hospital with safety. 
Those with persistently higher levels will require 
individual management. 
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Following discharge from the hospital it is well 
to follow all patients for 2 weeks with weekly 
physical examinations, serum bilirubins and brom- 
sulphalein tests. Recurrent abnormalities will 
occur rarely and are probably indications for 
rehospitalization. 

The optimal diet in the treatment of infectious 
hepatitis consists of about 3000 calories containing 
approximately 150 grams each of protein and fat. 
Intakes above this level should be ad lib. Al- 
though fried and greasy foods may cause indi- 
gestion, the fat contained in meat, eggs, and dairy 
products is not harmful and adds greatly to the 
palatability of the diet. During the stage of severe 
anorexia the patient should be urged to take fre- 
quent small feedings. Intravenous glucose solu- 
tions should be administered when necessary to 
maintain a minimal caloric fluid intake. Although 
the forcing of a high-protein, high-fat diet, by 
stomach tube if necessary, has been demonstrated 
to hasten recovery on the average, critically ill 
patients with fulminating disease or impending 
hepatic coma may be harmed by excess dietary 
protein. In these few patients, therefore, it is 
probably unwise to administer more than a main- 
tenance quantity of protein. 

Intravenous protein hydrolysates, plasma or 
blood transfusions have no place in the nutritional 
therapy of patients with uncomplicated infectious 
hepatitis. 


APPENDIX ONE 


Summary of Statistical Methods ** Used in Basic 
Analyses of the First and Second Studies 


A. First siudy 


1. Experimental design. The first study was designed 
as a 2X2 factorial experiment in randomized blocks. 
Two treatment factors, diet and rest, were each repre- 
sented at two levels, “ad lib.” and “forced.” Blocks of 
four patients each were formed from patients admitted 
to the hospital at about the same time, and each block 
comprised a complete replicate of the four treatment 
combinations. Duration of illness from hospital admis- 
sion to convalescence was chosen as the primary meas- 
ure of treatment effects. 

2. Preliminary estimation of the size of the experiment. 
Retrospective observations on clinical records at the 


24This summary is intended for those readers who 
are familiar with the applications of the theory and tech- 
niques of “analysis of variance” in biological experiments. 





THE TREATMENT OF ACUTE INFECTIOUS HEPATITIS 


FIRST STUDY 
(232 PATIENTS) 


TOTAL SERUM BILIRUBIN 
ON ADMISSION 


» 
°o 
i 


rd 





NUMBER OF PATIENTS 


°o 
rn 


3 #17 2 2 2 33 
MGM./100 ML. 


DURATION OF ILLNESS 


NUMBER OF PATIENTS 





56 70 84 98 
DAYS 


Figure 1 (Appendix I) 


Hepatitis Center in Kyoto (see Sec. 1.2) provided in- 
formation which was essential to the planning of the 
controlled studies. The records of 80 patients, who 
satisfied the criteria for admission to the first study 
(Sec. 2.1), were used to estimate the variability in dura- 
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tion of illness. This group had a mean duration of ill- 
ness of 34 days and a standard deviation of + 16 days, 
hence a coefficient of variation of 47 per cent. These 
preliminary data also demonstrated a reasonably linear 
relationship between the total serum bilirubin on admis- 
sion and the duration of hospitalization, with a correla- 
tion coefficient of about + 0.6. By using this correlation 
in an analysis of covariance, it was expected that the co- 
efficient of variation for duration of illness might be 
reduced to about 38 per cent. 

Because of the varied clinical impressions of the in- 
vestigators and others about the effects on duration of ill- 
ness to be expected from the treatments under study, it 
seemed desirable to avoid fallacious acceptance of a null 
hypothesis if, in fact, a “real” treatment effect of 7 days 
or more might exist. Therefore, the sensitivity of the 
experiment was planned to detect such an effect as sig- 
nificant at the 5 per cent level with a Type II error of 
5 per cent or less. To achieve this sensitivity in the face 
of the variability described above, it was estimated that 
at least 50 replicates or 200 patients would be required. 

3. Analyses of covariance. Frequency distributions of 
the independent variable (x), admission total serum 
bilirubin, and the dependent variable (y), duration of ill- 
ness in days, are shown in Figure 1. The analysis of 
covariance for these data is presented in Table I. In 
this analysis the differences among the regression coeffi- 
cients in the “block X treatment” interaction terms were 
not significant. Hence, an average regression coefficient 
of + 1.850 was used for estimating the reduced error 
mean square. However, the three independent components 
of error variance, i.e., the “block X treatment” interac- 
tions, differed significantly after reduction for regression, 
according to Bartlett’s test (39) for homogeneity of vari- 


Table I, Appendix I 





Sum of Squares 


Source of Variation aiid Products 


is of Covariance (Duration of Illness in Days) 





Error of Estimate 





[4] | be) 


Mean 
Square 


Sum of | Degrees 
Squares of 


Freedom 





6928.36 | 11811.00 
230440 


42.96 |- 


3547.30 
210.02 |_ 22 


127.09 
1038.54 


72h ol, 57 
3115.62 





10.35 |- 
21.48 |- 
11.12 


147.00 
41.99 
21.02 


g1.00 | _ 473.72 | 


2661.23 
309.51 
155.17 


2661.23 
309.51 
155-17 


143.03 








14.41 
5789.60 
10988.41 | 7068.02 





103.39} 
126.21 
201.83 


1794.00 | 3708.45 
1461.53 | 2396.74 
1325.47 | 2368.52 


1345550 





15534.78 | 11302.40 











Block x Diet x Rest 





Deviations from 
Individual Regressions 
Differences 

Individual Regressions 
Reduction due to 
Average Regression 


24.60.02 
1544.39 
1567428 
687.90 
23626.52 


143.81 

7719 
15674..28 
687.90 
139.80 


Non-additivity 




















Remainder 
* Correlation coefficient 
Regression coefficient 








THOMAS C. CHALMERS ET AL, 


Table II, Appendix I 


t Study: of Covariance (Duration of Illness in 








Source of Variation 





Degrees} Mean 
of |Square 


Sum of Squares Error of Estimate 
i mi 


[=] 





Total 
Blocks 
Treatments 


and Products 
Sum of 
[x] Squares 
12.197 
2.762 


6928.356| 176.440 
2304,.401 
0.609 


42.957|— 3.817 





Diet 
Rest 
Diet x Rest 


Error 

Block x Diet 
Block x Rest 

Block x Diet x Rest 


54-977 
0.544 


10.349] - 2.372 


21.484)- 1.032 
~ 0.414 


11.123 
280 


Tite eta ies 


54.128 
1461.531] 37.627 
2472 


35.525 























Deviations from 
Individual Regressions 
Differences among 
Individual Regressions 
Reduction due to 
Average Regression 


Non-additivity 























Remainder _ 
* Correlation coefficient 
# Regression coefficient 


A. 


Sourte of Variation 


x 
Diet 


Blocks x Rest 
Rest 


Table III, Appendix I 


First Study: Treatment Comparisons with Separate Components of Error 


Sum o r of Estimate 


Ly] 


of 
Sum 


Squares of 


Fa 


Square 


[4 


272025 


27357 


Blocks x Diet x Rest 


Diet x Rest 


B. 


Source of Variation 


= 
Diet 


Blocks x Rest 
Rest 


9. 


Variance 
tio 


Sum Error Estimate 


L] 


of 
Degrees} Mean 
of |Square 


Sum of 
Squares 


[] [*] 


. 


Blocks x Diet x Rest 


Diet x Rest 
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FIRST STUDY 
DISTRIBUTION OF EXPERIMENTAL ERRORS 


OURATION OF ILLNESS IN "DAYS" 





NUMBER OF PATIENTS 





NUMBER OF PATIENTS 


“5.0 -4.0 -3.0 -2.0 “1.0 0.0 +410 +20 +3.0 +40 +5.0 
STANDARD DEVIATES 


Ficure 2 (Appendix I) 


ances. Rather than use a pooled estimate of error variance 
for tests of significance of the treatment effects, as done 
in Table I, it is more appropriate in the face of hetero- 
geneous errors to test each treatment effect against its 
corresponding subdivision of error variance, as is done 
in Table IIIA. In the present case, both procedures give 
similar results, although the latter test is less precise. 
The discovery of error heterogeneity led to further 
investigation of the data with respect to the three basic 
assumptions involved in the “analysis of variance” under 
infinite models. (An infinite model is essential in the 
present instance because of the use of “covariance.”) 


a) Homogeneity of error variance—heterogeneity is 
present in these data by Bartlett’s criterion. 

b) Additivity of block and treatment effects—Tukey’s 
test (40) for non-additivity was significant at the 
5 per cent level. 
Normal distribution of residual errors—the upper 
histogram in Figure 2 shows the distribution of 
residual errors measured in days’ duration of illness 
with best fitting normal curve superimposed. A 
chi-square test for “goodness of fit” demonstrated 
significant departure from normality, the observed 
distribution being leptokurtic and positively skew. 


The failure of data from the first study to satisfy the 
assumptions implicit in the mathematical model on which 
the tests of significance are based led to a change in 
metameter for the dependent variable from “days” to 
“log days.” The effect of the transformation on the dis- 
tribution of adjusted durations of illness is shown in 
Figure 3, and the effect on the distribution of residual 
errors is shown in Figure 2. The latter distribution on 
the transformed scale does not depart significantly from 
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normal. The corresponding analysis of covariance is 
displayed in Table II, in which the subdivisions of error 
variance are now homogeneous and the test for non-ad- 
ditivity is not significant. There is a distinct “clinical” 
justification for the transformation to log days. Since 
any reduction in duration of illness might be proportional 
to the total duration, a constant percentage reduction 
seems more applicable than a fixed absolute reduction. 

4. Sensitivity of the experiment. The Type II error 
in the first study was found to be approximately 0.01 for 
a Type I error of 0.05, as estimated by the use of Tang’s 
“Tables of the Power Function of Analysis of Variance” 
(41). 


B. Second study 


1. Experimental design. The second study was de- 
signed as a 2 X 2 X 2 factorial experiment in randomized 
blocks with the three-factor interaction completely con- 
founded with blocks. Three dietary factors—total cal- 
ories, percentage protein calories, and supplementary 
choline and vitamins—were each represented at two 
levels. Admission procedure and measurements of treat- 
ment effects were similar to those used in the first study. 

2. Preliminary estimate of the size of the experiment. 
Estimates of variability obtained from the first study 
were used to predict the number of replicates required to 
detect a 20 per cent reduction in duration of illness with 
a Type I error of 0.05 and Type II error of not more 
than 0.05. 


FIRST STUDY 
* 
DISTRIBUTION OF “ADJUSTED” DURATION OF ILLNESS 


OURATION OF ILLNESS IN “DAYS” 


NUMBER OF PATIENTS 

















=. et 2 et tT Ph PS eT ft 
-14-7 0 7 14 21 28 35 42 49 56 63 70 77 64 91 98 105112 
DAYS 


DURATION OF ILLNESS IN "LOG DAYS” 


NUMBER OF PATIENTS 

















qT “+t 
.25 1a5 
LOG DAYS 


ro. Tt os tae 
165 185 «205 «225 «(2A 


* aouusteo FOR REGRESSION OF DURATION ON INITIAL TOTAL SERUM BILIRUBIN. 


Ficure 3 (Appendix I) 
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Table IV, Appendix I 





Study: Analysis of Covariance (Duration of Illness in 


Sum of Squares Error of Estimate 
Source of Variation and Products 


Sum of | Degrees} Mean 
[=] [+] Squares of | Square 
: Freedo 
7788.54 45849.12 


1883.19 12410.12 
1062.39 6181.12 215.18 
83.02 446.88 1 | 227.47 
737-78 5782.12 246.72 


278.31 | 2069.57 278.25 
-19.50 18.67 121.25 
67.83 1500.02 1303.76 
21.87 97.52 ¥ 43.22 
96.55 176.10 5.86 
127.25 272.60 24.95 
-15.68 4.67 165.92 


5627.0 3136943 193.20 
559.05 9 | 141.54 
1386.88 164.47 
1246.70 235-28 
711.77 4655.14 191.80 
346.58 4827.14 239.42 
1376.06 5686.24 | 3837.72 201.99 
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Deviations from 
Individual Regressions 22315.40 195.75 
Differences among 
Individual Regressions 675.12 135.02 
Reduction due to 
Average Regression 8378.91 378.91 
* Correlation coefficient 

x Regression coefficient 


























Table V, Appendix I 


Second Study: Analysis of Covariance (Duration of Illness in Log Days) 
Degrees Sum of Squares Error of Estimate Variance 
Source of Variation of and Products Ratio 


Freedom Te} | fe] | [ ?] A. Sani 
5078.10 8.512 


1105.797 2.204 
593.041 1.296 
15.421 0.075 
497335 0.834 


193.384 
20.371 
3.067 
4-903 

















ew 
oy 
oe) 


Total 


Blocks 

Replicates 

Cal x Pro x Supp 

Rep x Cal x Pro x Supp 


> BLpe 


Treatments 
Calories 
Protein 
Supplements 
Cal x Pro 
Cal x Supp 
Pro x Supp 


Error 
Blocks A x Cal 
Blocks B x Cal 
Blocks A x Pro 
Blocks B x Pro 
Blocks A x Supp 
Blocks B x Supp 





oe 


é 








229; 
Bee 
Rea 


3 








BEB8EEE eee eee 
eooosoor ooo 
E 





| 


Deviations from 
Individual Regressions 
Differences among 
Individual Regressions 
Reduction due to 

_Average Regression 

* Correlation coefficient 


oF 
RB 





























t Regression coefficient 





THE TREATMENT OF ACUTE INFECTIOUS HEPATITIS 


Table VI, Appendix I 


Second Study: Treatment Comparisons with Separate Components of Error 


Source of Variation of 


x 
Calories 
Pro x Supp 


Blocks x Pro 
Protein 
Cal x Supp 


Blocks x Supp 


Supplements 
Cal x Pro 


Duration of Iliness 


of |Square 


a] [== 


130. 


181.36 181.36 | 1.17 }>.20 


“5 
7.66 


7.66 








Sum of Squares 


Source of Variation and Products 


Error of Estimate 





[=] | FF] 


Sum of 
Squares 


Degrees} Mean 


of |Square 





Blocks x Cal 1218.400 27.364 


Z 


1.011 0.026 





Calories 
Pro x Supp 


Blocks x Pro 1104.235) 26.557 __ 


0.027 
0.071 


1.556 


0.027 
0.071 


2.195 0.040 





Protein 
Cal x Supp 


Blocks x Supp 27.267 


1456.323 


0.171 
0.008 


0.171 
0.008 
0.042 


2.167 1.657 





Supplements 
Cal x Pro 

















0.003 
0.000 


0.003 
0.000 




















3. Analysis of covariance. Tables IV, V, and VI pre- 
sent the analyses of covariance for both the original and 
transformed measurements of duration of illness. The 
analysis suggests that no reduction in error variance was 
achieved by restricting the size of block to four patients, 
since the mean square for “Replicate X Cal X Pro X Supp 


interaction” does not significantly exceed the error vari- 
ance. 

4. Sensitivity of the experiment. The Type II error in 
the second study was found to be approximately 0.05 for 
a Type I error of 0.05. 
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APPENDIX II 


Supplementary Tables 


Table 1, Appendix II 
Distribution of Liver Function Tests in 279 "Normal" Soldiers - Kyoto and Sasebo Series 





Total Serum Bilirubin Thymol Turbidity 
Kyoto Series Kyoto Series 
History History 


mgn/1i Equivocal __ Total Units Normal __Equivocal _ Total 
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Table II, Appendix II 


Sample Diet Check Sheet: Forced Diet Wards, First Study 








FOOD SECONDS REFUSALS TOTAL CHO PRO 





Weight 


196 153 
Special Eggnog plus 16 +10 
Ice Cream 3 +210 
1 slice Bread ] 
1/2 pat Butter } 
60 Roast Beef 
































215 _ 173 





Total Calories: 3725 
Total % Protein Calories: 
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Table III, Appendix Ii 
Sample Diet Check Sheet: Ad Lib Wards, First Study 





FOOD SECONDS REFUSALS TOTAL CHO PRO FAT 











Total Calories: 3538 
Total % Protein Calories: 13.2% 
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Table IV, Appendix II 
Accuracy of the Dietary Calculations 





A. Comparison of mean data obtained by calculation (aides), weighing (dietitians), 
and chemical analysis. 


Calculated Weighed Analyzed 
by the aides by the dietitians by the chemists 


First Study 


Forced Diets 

(4 days CHO-gm. 308 
averaged) Pro 189 190 
Fat * 168 161 


Calories 3504, 3427 
Ad Lib Diets 
(4 days CHO-gm. 366 
averaged) Pro 19 122 
Fat * 123 
Calories 3120 
Second Study 
CHO-gm. 357 
Pro * 185 
Fat * 184, 
Calories 3821 
CHO-gm. 311 299 
Pro * 71 68 80 
Fat * 105 107 90 
Calories 2469 2458 2293 





Rank correlations between calculated and chemically analyzed whole days' diets. 


Study Number of diets Rank correlation coefficient 
Protein Fat 


First 79 
Second 67 





C. Mean differences between methods. 


Comparison Mean difference 
in Grams 
Protein - Calculated minus analyzed -l,. 205 
Calculated minus weighed +1. 6 


Fat - Calculated minus analyzed +28. -001 
Calculated minus weighed + hk. 202 








* Calculated from the difference between the sum of the protein and fat calories 
and the total calories. 
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Table V, Appendix II 


Distributions of Clinical and Laboratory Findings on Admission by First Study Treatment Groups, ani Comparisons of 
First and Second Studies 





First Study 2nd Study 
Treatment Regimens* F Mean S.D. Mean _ S.D. 


Quantitative Variables 


"Doctor Effect” Improbable 





1. Age in years 23 23 
2. Duration of hospitalization prior to 

Kyoto admission in days 4 4 
3. Weight in pounds on admission 149 155 
4. Admission total serum bilirubin 

mgn./100 ml. 8.29 8.10 
5. Admission prompt direct serum 

bilirubin mgm./100 ml. 4.13 3.91 
6. Admission thymol turbidity in units 10.1 10.3 
7. Admission zinc turbidity in units 12.0 13.6 


"Doctor Effect" Possible 


8. Loss of weight between arrival in 

Korea and admission, in pounds 13 
9. Duration of symptoms before admission 1 
10. Duration of icterus before admission 7 
ll. Number of days before admission on 

which patient ate one meal or less 

per day 
12. Number of days from onset of symptoms 

to hospitalization in which the 

patient's activity was more than 

1/3 of normal 

Same from onset of jaundice to 
hospitalization 





itative Variables 
"Doctor Effect" Improbable 


Race - % white 
Source of infection - % Korea 
% with past history of liver disease 
Cephalin flocculation - % positive 
on admission 
Thymol flocculation - % positive 
on admission 


"Doctor Effect" Possible 
History in 120 days before admission 


6. % with other diseases 

7. % with subnormal food intake 

8. % with active physical exertion 

9. &£ with fatigue 

10. &# receiving parenteral injections 

ll. & with moderate to severe alcohol 
consumption 


Present Illness 
12. % with 2 or more severe symptoms 
13. %&% with food intake decreasing sig- 
nificantly in the 3 days before 
admission when compared with the 
previous 3 days 
14. % with anorexia on admission 
15. % with malaise on admission 
16. % with liver pain on admission 
17. % with nausea on admission 
18. % with vomiting on admission 
% with moderate hepatomegaly on 
admission 
20. % with marked hepatomegaly on 
admission 34 
21. &% with hepatic tenderness on admission 69 





Total Number of Patients 65 64 





*See footnote to Table VII, Appendix II for explanation of symbols referring to treatment regimens. 
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Table VI, Appendix II 


Distributions of Clinical and Laboratory Findings on Admission by Treatment Groups in the Second and Third Studies 





Treatment Regimens: CPS CPs __cPS __cPs _ CpS__Cps cps cps hs e* 


2 2 2. 2 2. 2 2. 
nt Seahtiee tenant Total patients 4 3 4 3 4, 24 3 4 95 94 
"Doctor Effect" Improbable 


1. Age in years 24 25 22 24 24 23 24 23 
2. Duration of hospitalization prior to 





Kyoto admission in days 4 5 3 4 4 4 3 5 
Weight in pounds on admission 154 152 146 155 154 153 
Admission total serum bilirubin 

mgm./100 ml. 8.58 8.37 746 10.46 7245 7-02 
Admission prompt direct serum 

bilirubin mgm./100 ml. 4e5k heh2 4.36 6.32 4.33 4.11 
Admission thymol turbidity in units 9.6 7-7 8.1 8.9 8.0 9.9 
Admission zinc turbidity in units 10.5 9-3 Yel 9.9 10.6 11.0 
Admission bromsulphalein retention, 

% in 45 minutes 48 46 42 50 50 40 
Admission cholinesterase, pH/hr. -69 -68 .61 58 265 62 


"Doctor Effect" Possible 


10. Loss of weight between arrival in 
Korea and admission, in pounds 9 
11. Duration of symptoms before 
admission 12 
Duration of icterus before admission 7 
13. Number of days before admission on 
which patient ate one meal or 
less per day 10 
14. Number of days from onset of 
symptoms to hospitalization in 
which the patient's activity was 
more than 1/3 of normal 
Same from onset of jaundice to 
hospitalization 





Qualitative Variables 
"Doctor Effect™ Improbable 

1. Race - % white 

2. Source of infection -% Korea 

3. & with past history of liver disease 

4. Cephalin flocculation - % positive 
on admission 

5. Thymcl flocculation - % positive 
on admission 





Doctor Effect" Possible 
History in 120 days before admission 


6. % with other diseases 
7. % with subnormal food intake 
8. % with active physical exertion 
9. % with fatigue 
10. % receiving parenteral injections 
ll. % with moderate to severe alcohol 
consumption 
Present Illness 
12. % with 2 or more seyere symptoms 
13. % with food intake decreasing 
significantly in the 3 days 
before admission when compared 
with the previous 3 days 15 
% with anorexia on admission 64 
15. % with malaise on admission 49 
16. 4% with liver pain on admission 38 
17. % with nausea on admission 40 
18. % with vomiting on admission 17 
% with moderate hepatomegaly on 
admission 28 60 
20. % with marked hepatomegaly on 
admission 70 30 
21. % with hepatic tenderness on 
admission 81 13 











* Probability values for differences among the 8 treatment groups. tee early exercise group, 

** Probability values for difference between wards. e = late exercise group. See footnote 

# Probability values for differences within wards. to Table VII for explanation of 
other treatment symbols. 
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Table VII, Appendix IT 
Patients Removed from Studies in Basic Analyses 








Admission 
total Start of 
se conva- 
i 


rum 
bilirubin lescence _ 





A. FIRST STUDY 





Clinical infectious mononucleosis with rising 1.4 
and falling heterophile agglutination and many 
atypical cells on smear. 


Lymphogranuloma venereum. Liver function 0.9 
tests normal. 


Ho symptoms, signs, or laboratory findings 0.3 
of hepatitis. Malingering suspected. 


Committed for acute psychosis on 48th day. 19.4 51 (earliest) 
TSB normal. BSP 7%. 58 probable 


Emergency leave day 32, BSP 2, TSB 1.3 14.5 32 — 35 
Needed one more normal TSB. 


True ambulation day unknown due to possible 6.7 10 or 43 
mix-up of bloods. Either 43 days or 10 days 
plus 33-day relapse. 


Same as #6. Either 102 days or 29 plus 29 or 102 
73-day relapse. 


B. SECOND STUDY 





E. Histolytica in stools. Persistent fever 
and localized hepatic tenderness. Treated 
with chloraquin and terramycin. Dropped 
from observation. 


E. Histolytica in stools. Severe localized 
hepatic tenderness. Treated with chloraquin 
and terramycin. 


Heterophile positive. May have had hepatitis 
but TSB remained around 3 mg% with normal 
PDSB and BSP until discharge 78 days after 
admission. No reticulocytosis. 


cps Last replicate of 8 removed to close stady. 
cPs Same 
CPS Same 
CpS Same. Dietary figures for only 6 days. 
CPs Same 

cPS Same. BSP still 6 when study ended. 
1 cpS Same. BSP still 7 when study ended. 


1 Cps__ Same 


*In this and following tables where treatment groups are indicated by code, the 
capital letter indicates the forced regimen or high level of dietary intake and 
the small letter the ad lib regimen or "normal" dietary intake. ‘Thus: 
First Study D = forced diet Second Study P = high protein 
d = ad lib diet p = "normal" protein 
R = forced rest C = high calorie 
r = ad lib rest c = "normal" calorie 
S = choline and vitamin supplements 
s = placebos 
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Table VIII, Appendix II. ‘he effect of t t on the incid of patients whose serum bilirubin levels rose 
after admission. 














t Study 
Diet Rest Protein _ Supplements 
Forced Ad Lib. P Strict Ad Lib. Pi High "Normal" P Added Placebos P 


Total serum 
Bilirubin 
Total Patients 





Total Patients 128 128 % 95 95 
Number rising** 16 3 13 9 
% rising 2 -+| 3 ly 01} 10 


® By 1 mg. per 100 ml. or more "by 0.5 mg. per 100 ml. or more 




















Table IX. ‘Thymol and zinc turbidities: Mean admission, convalescent and discharge values. 














5 
2005 
5 


3 
2002 
7 




















Wione of the differences between treatment groups were significant 


Table X, Appendix II ‘The percentage of patients with abnormal flocculation and turbidity tests 











First Study (257 Patients) Second _ St: Patients) 
Diet Rest Supplements 
Forced Ad Lib} Forced Ad Lib "Normal" | Added Placebos 
t % % 4 = % % % 











Admission 
Highest 
Convalescence 
Discharge 





Mean Duration of :#+ 
Acute illness 25 30 
Observation 62 64 




















* Differences significant at the 5% level 
*% Arithmetic means 
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Table XI, Appendix II 


Comparison of flocculation and turbidity tests in first and second studies 





% of patients 
with abnormal tests Mean number of units 
ist st study P lst study 2nd study P 











Cephalin flocculation 


Admission 
Highest 
Convalescence 
Discharge 


Thymol flocculation 


Admission 
Highest 
Convalescence 
Discharge 


Thymol turbidity 


Admission 
Highest 
Convalescence 
Discharge 


Zinc turbidity 
Admission 
Highest 53 
Convalescence 21 
Discharge 13 


Total Patients 257 





Mean duration of acute illness 
Mean duration of observation 





Table XII 


Mean eosinophil counts (first study) and cholinesterase values (second study) 
during the first two weeks of hospitalization. 





Eosinophil counts Cholinesterase 
(number per ml) (A pH per hour) 





Diet Rest Protein 
Forced Ad Lib} Forced Ad Lib 


Admission 91 95 103 88 61 
Day 3-6 ng 100 100 90 
Day 7-10 104 115 119 104 
Day 11-14 118 134 144 116 
Convalescence 


Discharge 
Number of Patients 43 30 
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Table XIII, Appendix II 


Effects of treatment on symptoms during the first three weeks of hospitalization 








First Study Second Study 
Diet Rest Proteir Calories Supplements 
Forced Ad lib, Forced Ad lib,} High "Normal" High "Normal" Added Placebos 





Anorexia 

Admission 

Number of patients 

% with symptoms 

% with severe symptoms 
7 + 8 days 

Number of patients 

% with symptoms 

% with severe symptoms 
13 - 15 days 

Number of patients 

% with symptoms 

% with severe symptoms 
20 = 22 

Number of patients 

% with symptoms 

% with severe symptoms 


128 127 94 95 95 95 94 
73 68 83 76 90 82 
10 13 27 15 35 21 


128 126 94, 95 95 
25 11 26 26 28 
2 0 1 te) 


117 88 91 
9 9 9 
3 te) te) 


11 4 
te) 2 te) 


ows nab o&S wa 
ows we BE wBR Kak 


91 67 73 
3 





Malaise 

Admission 

Number of patients 

% with symptoms 

% with severe symptoms 
7-8 deys 

Number of patients 

% with symptoms 

% with severe symptoms 
13 - 15 days 

r of patients 

% with symptoms 

% with severe symptoms 
20 ~ 22 days 

Number of patients 

% with symptoms 

% with severe symptoms 


ows ot pee 


~ 


orn 
oo oEE oP® gy 





Liver Pain 

Admission 

Number of patients 

% with symptoms 

% with severe symptoms 
7 - 8 days 

Number of patients 

% with symptoms 

% with severe symptoms 
13 - 15 days 

Number of patients 

% with symptoms 

% with severe symptoms 
20-- 22 days 

Number of patients 

% with symptoms 

% with severe symptoms 


cR pad 
BSL 


= 
or 8 om ab 


~_ 


Ov® wEa & 

e) 
ong Hw wh? 
orer 





Nausea and Vomiting 
Admission 
Number of patients 
% with nausea 
% with vomiting 
7 - 8 days 
Number of patients 
% with nausea 
% with vomiting 
13 - 15 days 
Number of patients 
% with nausea 
% with vomiting 
20 = 22 days 
Number of patients 
% with nausea 
% with vomiting, 


S ow 

an BO 

R SHS 
8S2 


orS ewS on 


~ 


Per HnS wx 
nas wus nh 


eit ent oul eet 
oa aw ek 
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Table XIV, Appendix II ‘he effects of treatment on the frequency of hepatomegaly liver tenderness, spider 
angiomata and splenomegaly, and on weight gain during the first 3 hospital weeks 











First Study (257 Patients) tients 
Diet Rest Protein Calories Supplements 
Forced Ad Libj Forced Ad Lib High "Normal" “yp "Normal" | Added Placebos 
£ t % £ % t % % 


6 n 6 9 
37 48 3360 
57 41 a 
Th 49 SB kh 
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Table XV, Appendix II 


The effects of two weeks of increasing ambulation on liver function tests and 
liver size and tenderness of the strict bed rest patients compared with the 
equivalent period in the course of the patients who were ambulatory throughout 








I Liver Fumction Tests 


Total Serum Bilirubin 
Mean convalescent value + 1 S, D. 
Mean change in first week 
Mean change in second week 


Prompt Direct Serum Bilirubin 
Mean convalescent value + 1 S, D, 
Mean change in first week 
Mean change in second week 


Bromsulphalein Retention 
Mean convalescent value + 1 3, D. 
Mean change in first week 
Mean change in second week 
Total Patients 


II Glinical Findings - % of patients 
Return of minor symptoms 
Increase in size of liver by 2 cm, 
or more 
Appearance of liver tenderness 
Bromsulphalein "relapses" 


Total patients 


Strict Bed Rest Ad lib Rest P 


1.014 .25 1.024 .26 
+,001 +,01 
~12 -.09 


0.38+ 11 
2025 
-.11 


3 +2.0 
-4 
-.8 

129 





Table XVI 


Total and prompt direct serum bilirubins on discharge to the Physical Recon- 


ditioning Center: 


comparison of the normal series’ with the first study 


patients and with the early and late groups in the third study 





Number 


Normal Series 
TSB 279 
PDSB 279 


Mean 8.D, 





First Study ~~ 


PDSB 189 





ee - early exercise group 
B 88 


PDSB 88 





athe Study - Late exercise group 
B 86 


PDSB 
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TABLE XVII, APPENDIX II 


Comparison of follow-up sample with the remainder of the study patients with respect to mean values for age on admission, 
initial total serum bilirubin and duration of acute illness from admission to convalescence; comparisons of 
a: oups in the sample according to the mean points (abnormality score) at dis- 

rge to duty and the interval from discharge to follow-up examination 











Mean age Mean TSB Mean duration Mean points 
yrs. mg./100 ml. days for sample Mean 
Treatment Number —————_———-— at discharge interval 
group* in sample Sample Rem. Sample Rem. Sample Rem. to duty mos. 








First study: 


23 22 
23 24 
25t 21 
24 


Second study: 
CPS 
CPs 
cPS 
cPs 
CpS 
Cps 
cpS 
cps 
Third study: 


E 
e 


_ 


an 
NMROWNAS ON 


RNoUrk WO 
Pad Ae ded ag Ind vs 
Dd OW Sw OO 
eee De 
fn Be Re Be -B=k> -B Be -) 


a 


_ 
so 
Ow 

+ 





* See footnote to Table VII for explanation of abbreviations. 
In addition, E = “early” and e = “‘late’’ exercise groups. 
t Difference between the sample and remainder is significant at the 5 per cent level. 


TABLE XVIII, APPENDIX II 
Patients hospitalized in the interval between discharge and follow-up examination 








First study Second study 








Diet Rest Protein Calories Supplements Exercise 








Patients hospitalized for 
more than one day for: Forced Ad lib. Forced Ad lib. High Normal High Normal Added Placebos Early Late 





Complaints possibly re- 
lated to hepatitis 5 1 0 1 0 0 
Complaints probably not 
related to hepatitis 3 ; 1 0 : : 1 
—— laints not related 6 
6 


epatitis 6 5 
ae patients hospitalized 14 
Total patients followed 49 42 
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TABLE XIX, APPENDIX II 


Results of follow-up study: Distribution of patients according to treatment group and abnormalities in 
symptoms, signs, and laboratory tests 











First study Second and third studies Both 
studies 
dR Dr dr Total CP cp cP § . E e Total total 


Total patients examined 24 25 24 97 21° +22 22 42 43 43 86 183 








— 
— 





Abnormalities on follow-up Points 
Mild—moderate symptoms 1 
Severe symptoms 2 
Hepatomegaly 3-5 cm. 
Hepatomegaly >5 cm. 
Liver tenderness 
More than one spider 
Splenomegaly 
Total serum bilirubin 
Prompt direct serum 

bilirubin 
Bromsulphalein test* 
Cephalin flocculation 
Thymol turbidity 
Thymol flocculation 


POR We WRN 
ooororore 
mR We Oe a7 


— er DON NR RR Oe 
ooorOoO OCF ONE NWS 
Crono COOCrFRFNRNUN 
CONFER O NOK KPONNs 
Corr RK O&O COONCOFe 
ee OO NOR NE WOr 
he a) we NPR ONW 
MBN N WO oor PRK AOWN 
NNOWO COOK Oe Oe +) 
CNWNO We NO me Te 
— — 
NPOUS KK WWONAN SO 


-rNoowe 
orovuo 
woror 





Total abnormality points 


— 
os 
_ 


| — 
Cor OnNN RN 
| — 
CORPNN HW 
l omowwn 
-_ 
| monownrs 
| — 
oroooran 
| mmormmuaan 
oooorso 
rc 


Total patients with 
complete data 24 22 25 24 2 619 21 40 41 40 41 176 





* The second number indicates the number of patients who had the test performed. In all other instances the total 
number is the same as at the top of the column. 


TABLE XX, APPENDIX II 
Characteristics of epidemics of infectious hepatitis among military personnel in various locales 








United Great Italy Middle 
States Britain (1) East 
2 (34) (36) (35) 


1947-49 1944-45 1943-45 1943-44 1942-44 


3,614 101 and 200 
1,172 





Per cent incidence of : 

Anorexia Only 87 
Malaise 20% had 

Nausea acute 84 
Liver pain onset 3 

Vomiting Rare $1 
Fever Rare 61 
Diarrhea 33 


Per cent of patients with no symptoms 

prior to onset of jaundice 3or pA ? High 
Mean total duration of jaundice*—days oa d 
Mean duration of hospitalization—days 6 (b) 


Per cent incidence of acute relapses 
Total 5.6 0.7 (c) 


With jaundice 0 ? 


Mortality 0 in 454, 2% 
(.2% in 2,448) 





(a) First figure—no symptoms prior to onset of clinical jaundice. 
Second figure—no symptoms prior to onset of dark urine. 
fe) First study only. 
) Listed as per cent with ‘“‘moderately severe’’ relapses. 
(5) Siskeesaed toons data supplied by Dr. W. P. Havens, Jr. in which the duration from admission to a bilirubin 
of 1.5 mg./100 ml. was 27 days, and the duration of symptoms before admission 14 days. 
* Since different criteria for the duration of jaundice were used in each study, these figures are approximations. 
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